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 Five small lakes in southeast Missouri (Frisco, Pine Forest, and Bray Area lakes 
[Phelps County], and Cypress and Blue ponds [Bollinger County]) were cored for 
paleolimnological studies. Cores were evaluated for their sedimentology, palynology, and 
geochemistry. In two of these lakes (Bray Area and Pine Forest lakes) the planktonic 
algae were also studied in the water column, along with ecological parameters. Algae in 
the sediments were compared to algae in the water to understand the resistance of 
different species to decay, and a suggested methodology for this work is described. 
Reconstructions of the past environments around each lake were created using data 
derived from the cores, and pollen-based climate reconstructions (January and July mean 
temperature and annual precipitation) were created for each lake. Instrumental records 
were compared to climate reconstructions to provide an estimate of the latter. A new 
study site in an area where limited climate data currently exists was also added to the 
literature. Error results from the climate reconstructions indicate that the best 
reconstructions were achieved for July temperature, while January temperature and 
annual precipitation were less accurate; excluding Asteraceae from pollen-based climate 
reconstructions improved accuracy by up to 20%. The cores studied from Cypress Pond 
provided a pollen record for most of the Holocene which was used to create a climate 
reconstruction for the site. Additionally, age model results indicate that Blue Pond may 





I would like to thank my advisor, Dr. Francisca E. Oboh-Ikuenobe for her expert 
help and encouragement through the process of this research. I also want to express my 
gratitude to the other members of my committee: Dr. Cheryl Seeger, Dr. Dev Niyogi, Dr. 
David Wronkciewicz, and Dr. Wan Yang, all of whom have made important 
contributions to this work. Thank you also to Dr. Eric Grimm, without your generosity 
and mentoring this research would not have been possible. Finally, I would like to thank 
the myriad of friends who were kind enough to help me with coring, lab work, and 
advice, including: James Vandike, Dr. Emitt Witt, Dr. Honglin Shi, Dr. Pat Mulvany, Dr. 
Eric Bohannan, Dr. Varun Paul, Dr. Angelica Alvarez Naranjo, Dr. Carlos Sanchez 
Botero, Dr. Mohamed Zobaa, Kate Schlarman, Marissa Spenser, Lutfia Grabel, Steve 
Hargis (Director of Public Works for the City of Rolla), Connie Schmiedeskamp, Pietra 
Mueller, Dr. Xiaozhong Huang, Justin Levy, Adam Barron, Buzz Nanavati, Travis Pohl, 
John Schliem, Qiming Wang, John Hovis, John Bradbury, The State Historical Society of 
Missouri Research Center, and The Illinois State Museum. Finally, I wish to thank my 
wife for tremendous patience and support during this work, my family for cheering me 
on, and the Creator of this vast, wonderful world we live in. 
Funding was provided by the National Science Foundation (grant number EAR-
0719838 to Oboh-Ikuenobe), a University of Missouri Research Board Grant to Oboh-
Ikuenobe, a Paleontological Society Student Grant to Haselwander, the Alfred Spreng 
Research Award, and the Opportunity for Undergraduate Research Experience at 





TABLE OF CONTENTS 
Page 
PUBLICATION DISSERTATION OPTION ................................................................... iii 
ABSTRACT ....................................................................................................................... iv 
ACKNOWLEDGEMENTS ................................................................................................ v 
LIST OF ILLUSTRATIONS ............................................................................................. ix 
LIST OF TABLES ............................................................................................................. xi 
SECTION 
1. INTRODUCTION ................................................................................................. 1 
PAPER 
I.  Preliminary Observations on the Preservation of Organic-Walled Algae                
in Shallow, Freshwater Lakes from South-Central Missouri, USA..................... 2  
Abstract ........................................................................................................ 2 
1. Introduction .............................................................................................. 3 
2. Study Area ................................................................................................ 4 
3. Materials and Methods ............................................................................. 4 
4. Results ...................................................................................................... 8 
4.1. Ecological Parameters ............................................................ 9 
4.2. Sediment Composition ......................................................... 12 
4.3. Algae .................................................................................... 13 
4.4. Statistics ................................................................................ 13 
5. Discussion .............................................................................................. 15 
5.1. Justification of Sampling Methods ....................................... 15 
5.2. Sedimentation ....................................................................... 15 
5.3 Sediment Composition .......................................................... 18 
5.4. Ecology ................................................................................. 19 
5.5. Algae .................................................................................... 20 
6. Conclusions ............................................................................................ 26 
Acknowledgements .................................................................................... 29 




II.  Modern Analogue Technique (MAT) Climate Reconstructions and  
Anthropogenic Effects in Three South-Central Missouri Lakes, USA.............. 35  
Abstract ...................................................................................................... 35 
1. Introduction ............................................................................................ 36 
1.1. Regional Setting ................................................................... 37 
1.2. Study Area ............................................................................ 37 
2. Methodology .......................................................................................... 37 
3. Results .................................................................................................... 41 
3.1. Pollen .................................................................................... 41 
3.2. Geochemistry ........................................................................ 42 
3.3. Loss on Ignition .................................................................... 42 
3.4. X-ray Diffraction .................................................................. 42 
3.5. Climate Modeling ................................................................. 44 
4. Discussion .............................................................................................. 47 
4.1. Lake Chronology .................................................................. 50 
4.2. Lake Data ............................................................................. 50 
4.3. Climate Modeling ................................................................. 57 
4.4. Error in Climate Modeling ................................................... 62 
5. Conclusions ............................................................................................ 62 
Acknowledgements .................................................................................... 63 
APPENDICIES 
Appendix A ................................................................................................ 65 
Appendix B ................................................................................................. 73 
Appendix C ................................................................................................. 81 
Appendix D ................................................................................................ 86 
References .................................................................................................. 92 
III. Preliminary Results of Lake Sediments from Blue and Cypress                   
Ponds, SE Missouri Ozarks, USA...................................................................... 95  
Abstract ...................................................................................................... 95 
1. Introduction ............................................................................................ 96 




2. Study Area ............................................................................................ 101 
3. Methods ................................................................................................ 101 
4. Results .................................................................................................. 106 
4.1. Age Models ........................................................................ 107 
4.2. Sediments ........................................................................... 108 
4.3. Pollen .................................................................................. 110 
4.4. Climate Reconstructions ..................................................... 113 
5. Discussion ............................................................................................ 113 
5.1. Age Models ........................................................................ 113 
5.2. Sediments ........................................................................... 115 
5.3. Pollen .................................................................................. 119 
5.4. Climate Reconstruction ...................................................... 123 
6. Conclusions and Future Work .............................................................. 128 
Acknowledgements .................................................................................. 129 
APPENDICIES 
Appendix A .............................................................................................. 130 
Appendix B ............................................................................................... 134 
Appendix C ............................................................................................... 135 
Appendix D .............................................................................................. 136 
References ................................................................................................ 145 
SECTION  
2. CONCLUSIONS................................................................................................ 148 
REFERENCES ............................................................................................................... 150 





 LIST OF ILLUSTRATIONS 
 Page 
PAPER I 
Figure 1.  Location map of the study area ....................................................................... 5 
Figure 2.  Lithology and distribution of algal groups ...................................................... 7 
Figure 3.  Lithology and distribution of algal genera and species ................................. 10 
Figure 4.  Total palynomorphs/gram for the Rolla lakes ............................................... 18 
Plate 1................................................................................................................................ 28 
PAPER II 
Figure 1.  Location of Rolla lakes study sites. ............................................................... 39 
Figure 2.  Major pollen and spore taxa in Bray Area Lake ........................................... 45 
Figure 3.  Minor taxa in Bray Area Lake ....................................................................... 46 
Figure 4.  Additional parameters studied in Bray Area Lake ........................................ 46 
Figure 5.  Major pollen and spore taxa in Pine Forest Lake .......................................... 48 
Figure 6.  Minor taxa in Pine Forest Lake ..................................................................... 49 
Figure 7.  Additional parameters studied in Pine Forest Lake ....................................... 49 
Figure 8.  Major pollen and spore taxa in Frisco Lake .................................................. 51 
Figure 9.  Minor taxa in Frisco Lake ............................................................................. 52 
Figure 10.  Additional parameters studied in Frisco Lake .............................................. 52 
Figure 11.  Lead and zinc concentrations for Frisco Lake ............................................... 56 
Figure 12.  Modeled precipitation for the Rolla lakes ..................................................... 60 
Figure 13.  Modeled temperatures for the Rolla lakes ..................................................... 61 
Figure 14.  Reconstructions for January median temperature at Frisco Lake ................. 63 
PAPER III 
Figure 1.  Study areas are Cypress Pond (a.) and Blue Pond (b.) .................................. 98 
Figure 2.  Locations of previous Holocene pollen studies in Missouri, USA ............... 99 
Figure 3.  Age model for Blue Pond ............................................................................ 108 
Figure 4.  Age model for Cypress Pond ....................................................................... 109 
Figure 5.  Sediment and geochemical results for Cypress Pond .................................. 111 
Figure 6.  Representative images of sedimentary facies from the Cypress                        





Figure 7.  Grain size distribution comparison between light and dark              
components in Facies D .............................................................................. 114  
Figure 8.  Sedimentary structures in Cypress Pond cores ............................................ 116 
Figure 9.  Sediment and geochemical results for Blue Pond ....................................... 117 
Figure 10.  Arboreal pollen taxa for Cypress Pond ....................................................... 120 
Figure 11.  Arboreal pollen taxa for Blue Pond ............................................................. 121 
Figure 12.  Non-arboreal pollen at Blue Pond ............................................................... 122 
Figure 13.  Aquatic plant and algal taxa results for Blue Pond ..................................... 122 
Figure 14.  Non-arboreal pollen at Cypress Pond .......................................................... 124 
Figure 15.  Aquatic plant and algal taxa results for Cypress Pond ................................ 125 
Figure 16.  Five year climate averages for Marble Hill (blue), and climate              
reconstructions for Blue Pond (green) and Cypress Pond (red),                      
c. 1900-2015 ................................................................................................ 126  






LIST OF TABLES 
 Page 
PAPER I 
Table 1.  Ecological parameters for Pine Forest and Bray Area lakes. .......................... 6 
Table 2.  Algae counted in water and sediment samples. ............................................... 9 
Table 3.  Statistical test results for algae counted in various samples. ......................... 11 
Table 4.  Pielou’s Equitability diversity index for the algal assemblage of                
each sample. .................................................................................................. 14  
PAPER II 
Table 1.  Locations of core samples evaluated in this study ........................................ 38 
Table 2.  Clay XRD samples ........................................................................................ 41 
Table 3.  Pollen taxa used for Modern Analog Technique climate modeling .............. 43 
Table 4.  Calibration parameters used in Modern Analog Technique (MAT)              
for climate reconstruction. ............................................................................. 44  
Table 5.  Sedimentation rates for the Rolla lakes ......................................................... 47 
Table 6.  Root mean square error (RMSE) values for modeled climate            
parameters in this study ................................................................................. 53  
PAPER III 
Table 1.  Pollen samples from Cypress Pond ............................................................. 105 
Table 2.  Pollen samples from Blue Pond .................................................................. 106 
Table 3.  AMS Radiocarbon dates for Cypress Pond sediments ................................ 107 
Table 4.  Cosmogenic dates for Blue Pond sediments ............................................... 107 
Table 5.  RMSEmodel values for the climate reconstructions at Blue Pond ................ 113 
Table 6.  RMSE values for climate reconstructions compared to historical            
climate data at Blue Pond ............................................................................ 114 




 Paleolimnology, the study of ancient lake sediments, is an important tool for 
understanding climate changes in the past tens of thousands of years. Though a lesser 
known field of study, it is particularly important in providing climate reconstructions of 
the past, used to calibrate and test climate models such as general circulation models, 
which aim to predict future climate changes. In addition, paleolimnology provides an 
important understanding of local and regional changes in sedimentary environments and 
ecology. Palynology, the study of organic-walled microfossils, is a particularly useful 
method for understanding these factors, and it is often utilized together with 
sedimentology and other disciplines in lake studies. 
 Climate reconstructions based on palynological data face challenges in data 
constraint because of the complexity of the natural systems that control inputs into lakes, 
which including climate, biota (plants, animals, and micro-organisms), and 
geomorphology/depositional environments. This difficulty can lead to compounding error 
which decreases accuracy and hinders the usefulness of the data for such things as 
comparison with climate models. An additional challenge facing climate modeling is the 
geographical and temporal density of data, which is sparse in many areas, including the 
Ozarks of Missouri.  
 This project contributes to the small but growing body of work that is further 
refining the constraints around data and improving results in this field (e.g., Charman et 
al. 2004, St. Jacques et al. 2015). Three topics are addressed: the preservation potential of 
some algal taxa, the understanding of which will help workers to better interpret algal 
data in the field of palynology; the effectiveness of various reconstruction parameters and 
the accuracy of climate reconstructions created from pollen data using the modern 
analogue technique (MAT), which is assessed by comparison with instrumental data from 






I.  Preliminary Observations on the Preservation of Organic-Walled Algae in 
 Shallow, Freshwater Lakes from South-Central Missouri, USA  
Haselwander, Robert D.1, Oboh-Ikuenobe, Francisca E.1 
1. Missouri University of Science and Technology, Geology and Geophysics Program, 
Department of Geosciences and Geological and Petroleum Engineering, 129 McNutt 
Hall, Rolla, MO 65409-0410, USA. (573) 341-6946; rdh2pd@mst.edu, 
ikuenobe@mst.edu 
Abstract: 
Algal palynomorphs can provide key ecological information about aquatic 
environments, yet the preservation potential for most varieties of algae is poorly 
understood. Cores from Pine Forest and Bray Area lakes, two man-made lakes in 
the Rolla area of south-central Missouri, USA, provided an opportunity to relate 
the algal palynomorphs in the top 9 cm of sediments to the processes that lead to 
preservation. By comparing algal palynomorphs in the sediments to the algal crop 
in the water, this study seeks to assess the effects of taphonomy on the 
assemblage in a palynological sample. The lakes were ecologically monitored 
four times in one year (late fall, spring, summer, winter) to determine the algal 
crop, and surficial-sediment was sampled in Pine Forest Lake once in early 
winter. The annual average abundance of algae in the lake water was compared 
with sediment data, and statistical techniques (Kruskal-Wallis test, Mann-Whitney 
U-test, and Pielou’s Equitability index) were used to determine ecological 
stability in the sediments. While Sphaerocystis and Ceratium hirundinella did not 
apparently preserve well, moderate to high preservation potential was determined 
for Staurastrum and Botryococcus. In addition, Pediastrum simplex var. 
pseudoglabrum, P. integrum, and P. boryanum var. pseudoglabrum were well 
preserved in the sediments. This preliminary study shows that a highly abundant 
algal species in the water may not be well preserved in the sediment. Therefore, 
higher resolution studies are needed to further explore the preservation potential 




Keywords: freshwater, algae, shallow lakes, preservation potential, South-central 
Missouri 
1. Introduction  
Lakes are important repositories of fossils in continental environments. They 
preserve microfossils such as algae and pollen which can be used to infer paleoecological 
and paleoenvironmental conditions in and around lakes. Fossil algae in sediments have 
been used as proxies for paleoecological conditions in lakes for some time (Cronberg 
1986), and more recent studies of algal microfossils and other non-pollen palynomorphs 
(van Geel 2001; Haas 2010; Medeanic and Silva 2010; Montoya et al. 2010; Danesh et al. 
2013; Drljepan et al. 2014) have used modern analogs to constrain interpretations of lake 
sediments on most continents (Cook et al. 2011; Gelorini et al. 2011). Although 
thanatocoenoses are generally modified representatives of life assemblages, it is 
theoretically possible to reconstruct close approximations of the life assemblages in order 
to create a more robust interpretation, as has been done with pollen data (Davis 1963; 
Bunting et al. 2013). A number of studies have focused on surficial-sediments in modern 
environments and used the resulting pollen spectra as proxies for similar past 
environments (Vincens et al. 2000; Connor et al. 2004). Other studies have placed 
emphasis on anthropogenic-mediated changes such as agriculture (Ellis and van Geel 
1978; van Dam et al. 1988; Nilsson and Renberg 1990; Smol et al. 2002; Chmura et al. 
2006). 
Researchers at the University of Missouri-Columbia (USA) have been studying 
the ecological parameters of man-made impoundments or lakes in Missouri for several 
years (Knowlton and Jones 1995; Jones et al. 2008). Recent studies suggest that man-
made impoundments can provide valuable ecological information about the history of the 
sites and are important terrestrial sinks for organic material (Pittman et al. 2013; Winston 
et al. 2014). Since no study has directly measured the preservation potential of organic-
walled freshwater algae in sediments preserved in such lakes, two man-made lakes in 
south-central Missouri, Pine Forest Lake and Bray Area Nature Reserve Lake in the Rolla 




that lead to preservation. The ultimate goal of this study is to integrate the preservation 
potential with lake parameters to better infer ecological conditions. 
2. Study Area 
Pine Forest Lake was constructed in 1972 and covers an area of 0.016 km2 within 
a drainage basin of 0.5 km2. The bedrock is comprised of Ordovician-aged units, 
including the thick sandstone in the upper part of the Roubidoux Formation and the 
overlying Cotter-Jefferson City dolomites (Yorston 1954; Proctor 1964; Thompson 
1995). Pine Forest Lake was originally built as a farm pond for watering livestock and 
was later expanded to attract residential development. At present, the lake sits behind 
several residential buildings (Figure 1). 
Bray Area Nature Reserve Lake originated in the 1940’s (estimated from U.S. 
Department of Agriculture [USDA] aerial photographs). It covers 0.003 km2 within a 
drainage basin of 0.04 km2 atop a basement comprised mostly of the Ordovician-aged 
Gasconade Dolomite and the overlying basal sandstone of the Roubidoux Formation.  
The lake was built for family recreation and is presently designated as a state 
conservation site used for education.  
3. Materials and Methods 
Historical satellite data hosted by Google Maps shows that the Pine Forest Lake 
core (N37°57’34.6”, W091°42’35.3”, Figure 1D) is situated in the original portion of the 
lake. The Bray Area Nature Reserve Lake was cored at N37°55’11.5”, W091°49’41.0”. 
PVC sleeves were used to obtain 28.5-cm and 29-cm of sediment from the flat-bottomed 
littoral zones of both lakes, respectively in late summer of 2010. Cores were sampled at 
3-cm intervals, with approximately 16 g of material processed for each sample (and 1 g 
from Pine Forest Lake Surface Sediment sample) by Global Geolabs, using standard 
palynological procedures involving maceration with 10% HCl and 70% HF (Traverse 
2007). Acetolysis was not performed, and organic matter was separated using ZnBr 
solution with a specific gravity of 2.0. Samples were then oxidized in 3 ml of Schultz 
solution in a hot bath for varying lengths of time. A single Lycopodium tablet 




Figure 1. Location map of the study area. A) south-central United States, B) Rolla, 
Missouri USA, C - Bray Area Lake, D - Pine Forest Lake. Stars indicate core location in 
each lake. 
residues were strew-mounted on glass slides after which 500 specimens per sample were 
counted using transmitted light microscopy. 
A 1.5 L Van Dorn sampler was used to collect live algae from the lakes in late 
December 2012, and April, June, and early November. Water samples of 4.5 L volume 
were collected at 1 m- and 2 m- depths in each lake, and filtered through a phytoplankton 
net. They were further filtered through a 180-µm sieve to remove grazing plankton before 
storage under cold (4°C), dark conditions (modified from Wehr and Sheeth 2003). 
Sampled water (0.125–0.5 mL) were strew-mounted on glass slides, counted on the day 
of collection and again on the following day to ensure the samples were representative. 
The water data were corrected to concentrations per mL, the algae counted in the samples 
representing the four seasons were normalized to represent an annual average, and both 
sets of data were used for statistical analysis (Tables 2, 3, 4; Figures 2, 3). Additionally, 





Table 1. Ecological parameters for Pine Forest and Bray Area lakes. Lake area was 
calculated using a topographic map, while pH and TP Measured were derived from single 
measurements made in 2014. Other values are median values from all observations. 
 
Ecological Parameters: BAL PFL 
Dissolved Oxygen (%) 67.3 72.9 
Water Temperature (°C) 12.7 12.6 
Conductivity (µs) 212.5 243.2 
Secchi depth (m) 2.0 0.7 
Lake depth (m) 2.43 2.94 
Lake area (km2) 0.003 0.016 
Air temperature (°C) 21.65 21.15 
pH (2014) 8.6 7.9 
TP Calculated min/max (µg/L) 10 to 18 ± 4 24 to 67 ± 9 
TP Measured (µg/L) 42 83 
TP Calculated (µg/L) (2014) 24 67 
Forest Lake in December 2012; this sample was processed using the standard 
palynological procedures.  
During the collection of algae, measuring tape, YSI meter and standard-sized 
Secchi disk were used to measure the following ecological parameters: maximum lake 
depths, dissolved oxygen, water and air temperatures, conductivity, and Secchi depths. 
Secchi depth is a measure of water transparency, and is obtained by slowly lowering a 
disk with alternating black and white quadrants into the water until the disk is no longer 
visible. After a 30-year statewide monitoring of Missouri lakes that included 
measurements of nutrients, chlorophyll, lake depths, and Secchi depths, Jones et al. 
(2008) concluded that total phosphorous (TP) was the limiting nutrient in Southeast 
Missouri.  Therefore, linear regression models of TP for the Rolla area lakes have been 
based on Secchi depth and total phosphorus data from Jones et al. (2008). 
Google Earth was used to calculate lake surface area. Approximate time of 
construction for each lake was established using 1964 and 1971 USDA aerial photos 




Figure 2. Lithology and distribution of algal groups. Raw counts and annual average are 
plotted for algal groups and Lycopodium spike in the sediment and water samples, 
respectively; diamond shapes = LOI500, square shapes = LOI900; XRD data of total 
undifferentiated clays in bulk sediment in percent. Note that while some algal groups 
present in zones in the lake water (A&C) are absent in the palynological preparations 
(B&D), other groups show an increase from A to B to C to D. LOI for both lakes indicate 
on-going post-burial degradation whereas clay content may suggest a modest decrease in 




64DC and ASCS 4-71DC, respectively) for Pine Forest Lake, and U.S. Geological 
Survey Rolla Quadrangle maps for Bray Area Lake (USGS 1938; USGS 1951). The 
PAST 2.17b software (Hammer et al. 2001) was used for statistical analyses (diversity 
indices, Kruskal-Wallis test, Mann-Whitney U-test), and correlation lines were calculated 
using Microsoft Excel (Tables 3, 4). In summer 2014 additional parameters, namely pH, 
Secchi and total depths and water samples for nutrient analysis, were collected. Nutrient 
analysis was conducted at the University of Missouri-Columbia’s Fisheries and Wildlife 
laboratory following standard procedures for colorimetric analysis. Ascorbic acid 
treatment with a Genesys 2 spectrophotometer were used to measure TP, and a solution 
of sodium hydroxide plus potassium persulfate and sulfuric acid were used to measure 
total Nitrogen in the spectrophotometer.  
Loss on ignition (LOI) was conducted at the Illinois State Museum’s Research 
and Collections Center in Springfield following standard operating procedures (Heiri et 
al. 2001). Standards for filter paper (organic matter) and calcium carbonate were included 
among the samples, with the filter paper undergoing complete combustion at LOI500 and 
the calcium carbonate undergoing 82.9-87.5% combustion at LOI900. The data for the 
Bray Area Lake 0-2 cm core sample was excluded because of small sample size (0.218 
g).  
A Phillips X-Pert Diffractometer was used to conduct X-Ray Diffraction (XRD) 
on bulk sediments. Using a copper filament, these bulk samples were run at a scan 
angle2θ from 5-70° for a duration of 15 minutes. Since each sample was crushed for two 
other analyses prior to XRD, two separate runs were averaged to determine the bulk 
composition. 
4. Results 
The following sections document the ecological parameters of each lake, 
sediment composition for the top 9 cm of both cores, how sampling and processing 
procedures affect the broad trends of algae observed in different types of samples, and 






Table 2. Algae counted in water and sediment samples. *Ultraplankton denotes a size-
based class, which includes all algae smaller than 5 µm.  
 
 
4.1. Lake Ecological Parameters 
The median annual values, chosen over mode because of the median's resistance 
to skewing, for the ecological parameters measured at Pine Forest and Bray Area lakes 
are presented in Table 1.  Overall, both lakes recorded small temporal and between-lake 
differences in temperature (minimum of 4°C, maximum of 27.8°C), conductivity (175.8 
BAL Water BAL 0-3cm BAL 3-6cm BAL 6-9cm PFL Water PFL Surf.Sed PFL 0-3cm PFL 3-6cm PFL 6-9cm
Ultraplankton* 623 0 0 0 5678 0 0 0 0
Sphaerocystis 29 4 2 2 113 0 6 3 5
Dinobryon 220 0 0 0 340 0 0 0 0
Chrysidiastrum 0 0 0 0 23 0 0 0 0
Ochromonas 67 0 0 0 250 0 0 0 0
Chrysophyte  spp. 1 74 0 0 0 124 0 0 0 0
Mallomonas 21 0 0 0 979 0 0 0 0
Scenedesmus 12 0 0 0 105 0 0 0 0
Desmodesmus 13 0 0 0 40 0 0 0 0
Staurastrum 1 30 17 0 0 1 155 82 137
Euastrum 1 1 0 0 0 0 0 0 0
Desmid zygospore 7 0 0 0 0 1 2 0 4
Cosmarium 0 84 33 0 0 0 55 25 49
Closterium 0 0 0 0 18 0 0 0 0
Actinotaenium spp. Cf. 4 0 0 0 28 0 0 0 0
Spirogyra zygospore 0 3 0 0 0 2 4 1 5
P. integrum 0 62 82 37 0 0 0 0 0
P. simplex clathratum 0 1 0 0 0 7 0 0 0
P. simplex pseudoglabrum 0 0 0 0 0 13 12 5 7
P. duplex duplex 0 0 0 0 6 0 13 0 0
P. duplex asperum 0 0 1 0 1 0 0 0 0
P. boryanum pseudoglabrum 0 7 6 4 0 0 0 0 0
Schroederia spp. 60 0 0 0 30 0 0 0 0
Tetraedron minimum 3 0 0 0 40 0 0 0 0
Ceratium 29 0 0 0 3 0 0 0 0
Peridinium willeii 0 13 7 9 0 4 30 7 21
Ophiocytium 1 0 0 0 6 0 0 0 0
Anabena 1 0 0 0 483 0 0 0 0
Gloeotrichia 0 2 1 3 0 2 29 36 60
Planktolyngbya spp. 7 0 0 0 13 0 0 0 0
Nodularia 1 0 0 0 0 0 0 0 0
Ankistrodesmus 2 0 0 0 25 0 0 0 0
Selenastrum spp. 0 0 0 0 48 0 0 0 0
Dictyosphaerium  spp. 1 0 0 0 30 0 0 0 0















Figure 3. Lithology and distribution of algal genera and species. Raw counts and annual 
average are plotted for algal groups and Lycopodium spike in the sediment and water 
samples, respectively; data shown only for taxa >5% of algal assemblage. Abbreviations 
are noted as follows: P.d. pseudoglabrum = Pediastrum duplex var. pseudoglabrum, P.s. 
clathratum = Pediastrum simplex var. clathratum, P.s. pseudoglabrum = Pediastrum 
simplex var. pseudoglabrum, P.d. duplex = Pediastrum duplex var. duplex. Note that 
some algae present in the sediment were not observed in the lake water, and other algae 
show the opposite trend. Also note the greater abundance of algae at Pine Forest Lake. 
 
 µs–228.5 µs), and lake depth (2.5 m and 3.5 m) during the times they were monitored in 
2012-2013. There were notable differences, however, in Secchi depth (0.6 m and 2.4 m) 
and dissolved oxygen (1.1% - 100%). The dissolved oxygen measurements indicate a 
moderate stratification only at Pine Forest Lake during the summer sampling, although 







Table 3. Statistical test results for algae counted in various samples. The test statistics 
shown are the p for the Mann-Whitney U test and the Hc (corrected tie results) for the 
Kruskal-Wallis test. PFL = Pine Forest Lake; BAL = Bray Area Lake; W = water 
samples; WW = winter water sample; SS = surficial-sediment sample; depths (cm) are for 
core samples. The sample labeled "n=500" denotes a statistical comparison between 
datasets including algae, pollen, spores, and other non-pollen palynomorphs. Shaded 








PFL SS vs. PFL 0-3cm, n=500 0.43 - 
PFL SS vs. PFL 0-3cm, algae - 1.61 
BAL 0-3cm vs. PFL 0-3cm - 0.03 
BAL W vs. PFL W 0.10 2.66 
PFL 0-3cm vs. PFL SS vs. PFL WW - 5.46 
PFL 0-3cm vs. PFL SS 0.21 - 
PFL SS vs. PFL  WW 0.21 - 
PFL 0-3cm vs. PFL WW 0.03 - 
BAL 0-3cm vs. BAL 3-6cm vs. BAL 6-9cm - 1.98 
PFL 0-3cm vs. PFL 3-6cm vs. PFL 6-9cm - 0.43 
BAL 0-3 cm vs. BALW 0.30 - 
PFL 0-3 cm vs. PFL W 0.031 - 
Nutrient (TP) values were not measured during the 2012-2013 monitoring visits; 
therefore Secchi depth was used to calculate nutrient levels for comparison between both 
lakes. Equations 1 and 2 were used to model TP in Bray Area Lake and Pine Forest Lake, 
respectively as follows: 
Equation 1 {y=0.0204x+0.2164}         (n= 34; r2= 0.776; p<0.001)   
Equation 2 {y=0.022x+0.1836}  (n=83; r2= 0.749; p<0.001)  
where y represents 1/Secchi depth (m) and x represents TP in µg/L. 1/Secchi depth gave 
the best linear correlation of possible linear transformations. The number of lakes (n) 




(Jones et al. 2008). The coefficient of determination (r2) was calculated in Excel using 
Pearson’s R, and the sets of variables (TP and 1/Secchi) were compared to each other to 
test for positive linear correlation (p) using the Student’s t-test. Smaller p values indicate 
positive linear correlations (Hammer and Harper 2006). During summer 2014, TP values 
were measured for comparison with modeled results. The measured values of 83 µg/L 
and 42 µg/L at Pine Forest Lake and Bray Area Lake were higher than the modeled 
values of 67.4 and 24.4 µg/L for each lake.    
4.2. Sediment Composition 
Bray Area Lake receives runoff from its small watershed as well as water from a 
6th magnitude (Meizner scale) spring. Sediments in the top 7 cm of the core are composed 
of an unstratified black, organic rich mud with visible leaf and wood fragments, few 
pebbles of chert and dolomite, and fine- to medium-grained quartz sand (10% or less). 
From 7 to 9 cm, the sediments are brown, not as organically rich, massive, contain no 
visible plant fragments, and they comprise approximately 20% fine- to medium-grained 
sand and several chert and dolomite pebbles. XRD (Figure 2) indicates that the upper 9 
cm of the core is quartz-rich (≥97%) and has little or no clays (0-3%), although LOI 
indicates a minor (1-3%) down-core decreasing amount of carbonates.  The carbonates 
are likely dolomite derived from the bedrock. Incomplete combustion of the calcium 
carbonate standards does not appear to hamper comparison of samples within this dataset 
(Figure 2; Heiri et al. 2001). 
Pine Forest Lake receives runoff only from its 0.5 km2 basin. The top 8 cm of 
sediment is composed of massive dark brown to black, organic rich mud with fine- to 
medium-grained sand (~20%) and pebbles (10%). This sediment is underlain by 1 cm of 
lighter brown mud comprised of dolomite and chert pebbles (~30%) and a minor quantity 
of fine- to medium-grained quartz sand. LOI indicates minor amounts of carbonates 
(~4%) which decrease to ~2% around 9 cm. XRD results appear to be at odds with both 
qualitative and LOI observations because it specifies quartz as the dominant component 






Prescott (1964) and Wehr and Sheath (2003) were the main sources used for 
identifying algae in this study. The algae counted per water and sediment sample ranged 
in magnitude from tens to thousands. The numbers counted in the 2012-2013 water 
samples have been combined into an annual average value for graphical representation 
and comparison with algae counted in the 2010 cores and 2012 Pine Forest Lake 
surficial-sediment samples (Figure 2). Note that palynological processing (HCl, HF, 
sieving) has excluded several algae (e.g. some chrysophytes, many synurophytes, most 
diatoms, ultraplankton; Cronberg 1986; Smol et al. 2002) except Cyanobacteria, the 
classes Dinophyceae, Chlorophyceae, and Zygnematophyceae, and the order 
Chlamydomondales. Figure 3 compares the relative abundances (>5%) of algae common 
to both water and sediment samples in the two lakes.  
4.4. Statistics 
Statistical analyses have provided the following information: within-lake 
comparisons of algae in lake water and upper sediments (0-3 cm depth and surficial-
sediments); within-lake comparisons of algal assemblages in the recent past (down-core); 
and between-lake comparisons of algae in lake water and upper sediments (0-3 cm 
depth). The goals of these analyses were to (1) infer the levels of similarity between the 
algal assemblages in the upper core sections and lake water (in addition to surficial-
sediment sample in Pine Forest Lake), (2) understand ecological changes in the lakes, and 
(3) demonstrate the level of similarity between the lakes. The Mann-Whitney U-test and 
Kruskal-Wallis test (Table 3) were used to check the equality of medians, whereas 
Pielou’s Equitability index measured species evenness (Table 4) and was used for 
between-sample comparisons (Hammer and Harper 2006).  
Raw counts (n=500) of pollen and non-pollen palynomorphs (excluding fungal 
remains) for Pine Forest Lake’s surficial-sediment sample and top (0-3 cm) core sample 
were statistically compared, and the results indicate no significant difference. A Kruskal-
Wallis test performed on a dataset comprised only of algae common to both samples gave 
the same result. No difference in median was noted when a similar comparison was made 




sample”) at Pine Forest Lake. Interestingly, there was a significant difference between the 
top core sample and the winter water sample using a dataset of algae common to both 
samples, and also between the top core sample and the annual average water sample. A 
similar comparison between the core top (0-3 cm) and annual average water at Bray Area 
Lake indicated no difference.  
A comparison among the three core samples (0-3 cm, 3-6 cm, 6-9 cm) at each 
lake was performed on the common algae datasets for that lake.  There was no significant 
difference in median of the core samples. Pielou’s Equitability index also indicated very 
little change in species evenness among the samples, suggesting that samples within the 
same core are similar to each other. When the algae data from the core top (0-3 cm) at 
Bray Area Lake was compared with that at Pine Forest Lake, a significant difference was 
noted. This is in contrast with statistical comparison between the annual water data from 
both lakes, which indicated no significant difference, although the alpha level of 0.1044 
was very close to indicating a significant difference. Pielou’s Equitability index for the 
annual average indicates that Bray Area Lake has higher species evenness than Pine 
Forest Lake. However, both values are significantly lower than the values calculated for 
the core samples.  




BAL W 0.54 
BAL 0-3 0.71 
BAL 3-6 0.68 
BAL 6-9 0.72 
PFL W 0.43 
PFL SS 0.80 
PFL 0-3 0.68 
PFL 3-6 0.65 





5.1. Justification of Sampling Methods 
Pine Forest and Bray Area lakes were cored in 2010 and sampled for 
palynological processing before an in-depth study of algae was undertaken two years 
later. Since palynological evaluation yielded a rich assemblage of algal palynomorphs, 
lake water was sampled to compare the populations of algae with algal palynomorphs in 
the core samples. After sampling surficial-sediment and water in Pine Forest Lake in 
December 2012, comparative study indicated no statistically significant difference 
between the medians of the surficial-sediment and core top (0-3 cm) samples. Based on 
this result, surficial-sediment was not sampled in 2013. The stepwise similarity between 
water, surficial-sediment, and the top core samples in Pine Forest Lake is indicative of 
on-going degradation of the algae from water to sediment. There was also no difference 
between the core top (0-3 cm) and annual average water sample in Bray Area Lake. 
The statistical similarity of core samples in the same lake suggests that no 
significant ecological change has taken place in the 0-9 cm core interval in either lake. It 
appears that the land surrounding each lake has undergone very little significant change, 
at least 12 years prior to coring in Pine Forest Lake, which was expanded in 1998. 
Therefore, comparison of algae in the sediments and water sampled two years later 
should provide a meaningful understanding of their preservation potential. 
5.2. Sedimentation  
It is important to understand sedimentation and reworking processes in the two 
lakes studied in order to better interpret the palynological results. Inflowing streams, 
some of which can transport sediments for great distances as dense turbidity currents, 
predominantly control sedimentation in lakes. Finer grained sediments often remain 
suspended and may be deposited in more distal locations (Rust 1982). At Pine Forest 
Lake, the northern corner represents the only location where stream flow enters the lake. 
In contrast, Bray Area Lake does not have a defined stream channel feeding into it. 
Rather, the land to the south-southeast has a relatively steep slope marked by shallow 
dendritic drainage patterns, which suggest that water flows into the lake during periods of 




Lake over-filling is another important consideration, as it can lead to outflow 
from a spill point and erode bottom sediments. However, multiple cores and lines of 
evidence are needed to recognize such an event in the sedimentary record (Rust 1982; 
Digerfeldt 1986). Although Pine Forest Lake reaches its spill point with some regularity 
after heavy rainfalls, this overflow occurs on a concrete spillway, resulting in minimal 
effects on the lake sediments. Bray Area Lake is hydrologically connected to a swampy 
area that provides a significant buffer against overflow. Between this swamp and the 
small size of the watershed, it is unlikely that Bray Area Lake has experienced overflow 
events since its construction.  
Once in the lake basin, sediments are often subjected to further transportation and 
modification by resuspension and bioturbation, which ultimately can result in degradation 
of organic matter (Meyers and Ishiwatari 1993). Resuspension of unconsolidated 
sediments is a significant process because organic matter undergoes the greatest amount 
of degradation in shallow lakes during its settling time (Meyers and Ishiwatari 1993). 
Sediment can be re-suspended under high- and low-energy conditions, and is often 
minimal in shallow lakes when compared to large lakes (Robb 2005; Yu et al. 2010). In 
the Rolla lakes, it was probably influenced by the inflowing stream runoff, wave action, 
and biological activity by fish and other organisms. Burrowing by organisms such as 
snails, although not very obvious in the cores, probably caused post-burial degradation, 
as did anaerobic micro-organisms which have been known to occur even in the absence 
of visible evidence. Degradation and reworking may have been inhibited by lake 
stratification, which can enhance preservation by limiting oxygen and is known to occur 
in small lakes one or more times in the course of a year (Rust 1982). Finally, seasonal 
mixing in dimictic lakes can bring up nutrients from anaerobic bottom waters, which can 
create blooms and increase the algal flux (Bhosle et al. 1989; Yu et al. 2010). 
The location of both cores in the littoral zones suggests that coarse material was 
likely eroded from the banks, whereas suspended load material was derived from the 
banks and water inflow events. Stream inflow and wave action, although minimal in 
comparison to larger lake systems, have the potential to achieve velocities high enough to 




curve in each lake (LOI500, Figure 2) indicates a decline in organic matter with increasing 
burial. Cappenberg et al. (1982) noted that bacteria could degrade half or more of the 
organic matter in lake sediments. The number of algal palynomorphs/gram in Bray Area 
Lake (Figure 2) parallels this down-core decrease in organic matter. The algal 
palynomorphs/gram in Pine Forest Lake do not indicate a clear trend despite the fact that 
the LOI data are much clearer in that core. This data trend does not appear to be the result 
of water driven from clays in the sediment, which is a known concern for LOI500 results, 
because the low total quantity of clay in Pine Forest Lake core samples (<8%) is too 
small to have a strong effect. The total palynomorphs/gram (Figure 4) indicate a large 
initial drop from surface sediments to core sediments, with a very small decrease in total 
palynomorphs down core, and algae/gram remaining proportional at about 50% of the 
total palynomorphs. The Pine Forest Lake sediments apparently indicate good organic 
matter preservation in comparison to the Bray Area Lake. Enhanced preservation is likely 
related to an anoxic water column resulting from higher productivity, a condition that can 
be amplified by greater terrestrial organic input. Anoxia can reduce bioturbation and 
bacterial degradation in the sediments. Furthermore, lake stratification can cause anoxic 
bottom waters.  
In Pine Forest Lake, the 3-6 cm core sample has a notable increase in total 
palynomorphs and algae/gram which appears to be an exception to this conclusion. This 
sample recorded moderate decrease in total algae (Table 2) and no tangible difference in 
diversity compared to other core samples (Table 4). The unusually small number of 
Lycopodium grains in this sample, possibly due to a lab error in the Lycopodium spike or 
a faulty tablet, is the most notable difference from the other samples, and likely accounts 
for the high algae/gram recorded. Thus, if this Lycopodium effect is discounted, then the 
3-6 cm sample in Pine Forest Lake follows the trends displayed by the other core 
samples. 
Carbonate degradation trend (LOI900) is similar to that of organic matter 
degradation (LOI500), and is the result of in-situ bacterial degradation in the 





Figure 4. Total palynomorphs/gram for the Rolla lakes. 
LOI900 trends suggest that the mixing effects of bioturbation in both lakes are not 
sufficient to disturb the data. 
5.3 Sediment Composition 
The dominance of quartz in these cores is consistent with established weathering 
patterns for carbonate rocks in the region. Chemical dissolution slowly removes most of 
the carbonate material and concentrates less soluble mineral phases, such as chert, from 
the regional Ordovician dolomites (Thompson 1995). XRD data indicate that quartz 
occurs at all particle sizes, from mud to pebbles, and comprises a large portion of the 
mud. Quartz is likely transported into the lakes as pebble and sand sized grains derived 
from the cherts and sandstones of the surrounding rocks (Gasconade, Roubidoux and 
Jefferson City formations), while clay-sized particles are probably concentrated by the 
dissolution of carbonates and then transported into the lake system. The detection of 




appears to conflict with the XRD data, which do not detect dolomite in these intervals.  
However, this discrepancy is probably due to the limitations of the XRD detection level 
that varies by mineral and can range from 0.1% to 2% or higher (Cook et al 2007). 
5.4. Ecology 
The ages of these man-made lakes are well understood, while the ages of the 
sediments within them are less known. As noted in section 5.2, the within-core statistical 
similarity of algae data (Kruskal-Wallis test), similarity of diversity indices (Pielou’s 
diversity), and persistent land-use practices suggest stable ecosystems for the lakes. 
While these statistical analyses indicate that the upper 9 cm of cored sediment in Pine 
Forest Lake represent approximately a 12-year period prior to coring, Bray Area Lake is 
less well constrained. Although the upper 9 cm of the Bray Area Lake core data also 
indicate an undisturbed ecosystem, there are no controls to establish a more precise age 
for the sediments.  
There is a statistically significant difference between the algal content of the top 
(0-3 cm) core samples in the two lakes, whereas comparison of algae in the water column 
of each lake falls short of indicating statistical significance (p = 0.1044). This could 
indicate that the two core samples amplified the statistical difference between each lake’s 
algal content, which is probably affected by taphonomic processes and laboratory 
methods. If the sampling methods were solely or mostly responsible, this would imply 
that palynological studies of lake sediments could skew the number and type of algae 
identified. 
Statistical tests appear to indicate a clear progression of organic matter 
degradation in Pine Forest Lake, as mentioned in section 5.1. The lack of statistically 
significant difference between the medians of the core top (0-3 cm) and water sample at 
Bray Area Lake indicates a lesser degree of degradation among algal types that are 
preserved in the sediments. This relative decrease vs. Pine Forest Lake is possibly related 
to the fact that Bray Area Lake is shallower and less affected by resuspension from 
stream inflow and wave reworking (Meyers and Ishiwatari 1993). The wave base was 
calculated at 1.7 cm at Bray Area Lake, and 4.5 cm at Pine Forest Lake, based on Carper 




 Trophic level definitions suggested by Vollenweider and Kerekes (1980) indicate 
that Bray Area Lake generally falls into the mesotrophic range (14-50 µg/L TP) based on 
its measured TP value, while Pine Forest Lake falls in the eutrophic range (50-200 µg/L 
TP). The TP range calculated from the Secchi depths suggest that Pine Forest Lake is 
mesotrophic to eutrophic. This overlap may explain why a statistical comparison of the 
lake water algae does not clearly show a difference in median between the lakes. 
Although there is similar algal diversity in Pine Forest Lake and Bray Area Lake (Table 
4), it is slightly higher at Bray Area Lake, perhaps due to the mild eutrophication in Pine 
Forest Lake. 
5.5. Algae 
5.5.1. Algal Degradation  
The primary supply of algae to each of the Rolla lakes is the water column, 
additional organic matter is also derived from the surrounding land through runoff and 
wind action (Meyers and Ishiwatari 1993). Mineral sedimentation rate plays an important 
role in determining the final concentration of organic matter in the sediment. A higher 
rate of terrigenous sediments can dilute the organic matter, as noted by other researchers 
in recent lake sediments when the land-use shifted from natural grasslands and 
woodlands to agriculture (Grimm 1983; Cronberg 1986). A lower sedimentation rate can 
lead to the accumulation of organic-rich sediments. In the Rolla lakes, the LOI500 and 
LOI900 curves suggest ecological stability and a stable sediment supply. Therefore, 
sedimentation does not appear to significantly affect the data.  
With sedimentation being constant, degradation of the organic matter may 
become the dominant variable affecting preservation. The most significant processes that 
affect it may be resuspension and bioturbation (section 5.2). Algae and other organic 
matter should sink in accordance with Stoke’s Law (Robb 2005), but several factors 
encountered by algae in a natural environment can complicate this. The shape of each 
alga often evolves to maximize drag, thereby increasing residence time in the water 
column. Movement of water in the lake, even below wave base, can create vertical eddies 
which can increase settling time, as observed in shallow depths (<20 m) of some larger 




residence time (Lick 1982), and some algae have been known to flocculate under 
favorable conditions (i.e. pH <4) (Liu et al. 2013). Thus, dead algae in a natural 
environment could stick to other suspended particles (minerals, clay-sized clasts, other 
organic matter), although these effects are currently unknown in a natural environment. 
These three factors could potentially have a significant effect on residence times and 
therefore preservation, because the greatest amount of organic matter degradation occurs 
during the time required to settle through the oxygenated epilimnion (Meyers and 
Ishiwatari 1993). In shallow lake sediments this often leads to higher proportions of 
organic matter because of decreased settling time in comparison to deeper lakes. 
The greater amount of organic matter destruction seen down core in Pine Forest 
Lake (LOI500) is probably due to a greater degree of resuspension from longer fetch and 
increased settling times due to greater depth. Algal degradation in Bray Area Lake is also 
attributed to resuspension and more active bioturbation/bacterial degradation. Since 
stratification has been observed in both lakes, it is likely that anoxic bottom waters during 
some parts of the year contribute to preservation of organic matter. The 6-9 cm core 
interval in Bray Area Lake is devoid of desmids and records an assemblage with 
decreased diversity. Integrating this observation with the extremely low algal 
palynomorphs/gram concentration (~150 algal palynomorphs/gram compared to ~2,000 
or more in other core intervals), suggests more extensive oxidation of organic matter 
during this interval. 
5.5.2. Algal Components  
Different groups of algae (Table 2, Figure 2) demonstrate variable scales of 
resistance to degradation, much like pollen (e.g. Quercus vs. Potamogeton, Traverse 
2007. This preservation potential can be ascertained by comparing the algal composition 
of lake water with the algae preserved in the sediments.  
 Water samples yielded two sets of algae: those also present in sediments and 
others that were absent. The latter group comprises Closterium, Actinotaenium spp. cf., 
Schroederia spp., Tetraedron minimum, Ophiocytium, Planktolyngbya spp., Nodularia, 
Ankistrodesmus, Scenedesmus, Selenastrum, Desmodesmus, and Dictyosphaerium. Their 




degradation. Other algae present in the sediment but absent in the water samples included 
most species of Pediastrum, Spirogyra zygospores, Gloeotrichia, and Peridinium willeii. 
We consider their presence as an indication of high preservation potential, in spite of 
their absence in the water. Algal blooms prior to water sampling could lead to their 
preservation in the sediment, and a habit mixing planktonic and benthic lifestyles could 
also play a role in the case of Spirogyra and Gloeotrichia.  
 Scenedesmus comprises a notable fraction of the lake water. Although absent in 
the top 9 cm of sediments at Bray Area and Pine Forest lakes, it has been observed in 
sediment cores at Frisco Lake in Rolla (unpublished data). This suggests that 
palynological preparation has not excluded it from sediment samples, although it has 
been found in much higher concentrations using other microfossil preparation techniques 
(Cronberg 1982). It should also be noted that Scenedesmus has been recognized as a high 
abundance algae in some hyper-eutrophic environments (Cronberg 1982). Other studies 
have shown that this alga is very rare (few or no coenobia in most samples) but 
occasionally yield up to 100’s of coenobia in few samples (Schrank and Mahmoud 2000; 
Nye et al. 2008). While the actual preservation potential for Scenedesmus cannot be 
determined from the present data, it appears that it can become dominant under favorable 
ecological conditions, and its preservation can be affected by palynological preparation. 
The Zygnematophyceae were the dominant group in many core samples (Figure 
2), and the desmid algae Staurastrum and Cosmarium are the most significant genera 
(Figure 3). Desmids are benthic to planktonic, and many have a preference for benthic 
habits, often occurring in the greatest abundance on and around macrophytes (Brook 
1981). Desmids are usually indicators for mesotrophic, slightly acidic to mildly alkaline 
(pH 5-8), standing freshwater bodies (Coesel and Meesters 2007; Danesh et al. 2013). 
Among desmids, species of Staurastrum, particularly tri-radiate varieties which also lack 
ornamental sculptures, are considered to be the most planktonic, and there appear to be at 
least 25 species, including S. planktonicum and S. paradoxum, which either demonstrate a 
preference for planktonic habit or are exclusively planktonic (Brook 1981). 
Many planktonic desmids are known for reaching their maximum abundances in 




so, they should have been observed in the spring and summer water samples if they were 
present in large numbers in the Rolla lakes. Staurastrum was clearly the dominant algal 
variety in the Pine Forest Lake core sediments, but was rare in the Bray Area Lake fall 
water sample and Pine Forest Lake surficial-sediments, and absent in the water of Pine 
Forest Lake and the 6-9 cm core interval of Bray Area Lake . While species-level 
identification of Staurastrum is complex (Coesel and Meesters 2007), their specimens, 
which were mostly tri-radiate and lacked ornamental sculptures, were tentatively 
identified to include S. paradoxum, S. manfeldtii, S. planktonicum, and S. polymorphum. 
It is possible that both planktonic and benthic taxa were present. Therefore, the presence 
of Staurastrum in this study suggests that this genus likely has moderate to high 
preservation potential. The absence of Staurastrum from the 6-9 cm interval of Bray Area 
Lake could be related to a temporary increase in nutrients at that time, which caused this 
generally oligo-mesotrophic alga (Coesel and Meesters 2007; Danesh et al. 2013) to fall 
below the abundance necessary to be detected. 
Cosmarium, an alga which tends to occur in low-nutrient freshwater bodies (Cook 
et al. 2011; Danesh et al. 2013), had the higher proportion in Bray Area Lake core 
sediments, but was absent in the water samples of both lakes and the Pine Forest Lake 
surficial-sediment sample. Since Cosmarium is a benthic genus, its absence from water 
samples is not surprising. However, its absence from the Pine Forest Lake surficial-
sediment indicates that it was not present at the time of sampling or it did not inhabit the 
area of collection. Therefore, its presence in the core could be due to resuspension from 
elsewhere and eventual deposition.  
Specimens of the genus Sphaerocystis (Order Chlamydomonadales), tentatively 
identified as Sphaerocystis schroeteri, were present in the water and sediments of the 
Rolla lakes. This green alga is a common phytoplankton in standing pools of all sizes 
across the U.S. and Canada (Shubert 2003). While this alga is rare in the sediments, it 
occurs in notable proportions in the water of both lakes. Sphaerocystis schroeteri is a 
colonial alga surrounded by mucilage (Shubert 2003) that is more readily oxidized than 
chemically resistant compounds (e.g. sporopollenin) found in Botryococcus and other 




sediments suggest a low preservation potential for this alga, although oxidation during 
processing might also have excluded it. 
Two dinoflagellates were identified in this study: Ceratium hirundinella in the 
Bray Area Lake and Pine Forest Lake water samples, and Peridinium cf. willei in the 
sediments. Ceratium hirundinella was more abundant in Bray Area Lake. Both 
dinoflagellates encyst over the winter and C. hirundinella is known to encyst in great 
numbers (Pollingher et al. 1993). Ceratium hirundinella is common in small, mesotrophic 
temperate lakes (Heaney et al. 1988; Pollingher et al. 1993; Gligora et al. 2003), while 
Peridinium cf. willei occurs in a variety of habitats, from brackish to freshwater, and 
tolerates a range of pH, nutrients and temperatures (McCarthy et al. 2011).  
It is not surprising that cysts of C. hirundinella were absent in the Rolla lake core 
sediments because Ceratium cysts are susceptible to bacterial and fungal degradation; 
they often survive for a period of only months, though they are sometimes known to last 
up to several years (Wall and Evitt 1975; Evitt 1985; Pollingher et al. 1993). Their 
complete absence in the Pine Forest Lake surficial-sediment, where they would be most 
likely to occur, could be indicative of sediment resuspension. Although Peridinium was 
absent from the water samples, its presence as the main component in the low diversity 6-
9 cm core interval in Bray Area Lake confirms resistance to decay noted by other 
workers (Pollingher et al. 1993, Drljepan et al. 2014). Resistance to decay was probably 
enhanced by the un-sculptured spherical shape, which decreased residence time in the 
water (Dale 1976).  
Cyanobacteria are much more abundant in the Pine Forest Lake water sample than 
Bray Area Lake (Figure 2), and are present only in Bray Area core sediments. 
Cyanobacteria that have yielded significant results in this study include Anabena and 
Gloeotrichia. Due to their ability to fix nitrogen from the atmosphere (van Geel et al. 
1994; Komarek 2003), they are often interpreted as indicators of eutrophic to 
hypereutrophic conditions when preserved in sediments.  
Anabaena was absent from all the sediments, possibly because of low 
preservation potential. It comprises a notable proportion (~%17) of the algae in the Pine 




average of 483 colonies of Anabaena per square centimeter of water, but has left 
undetectably small quantities of fossil akinetes in the sediment. Previous 
paleopalynological studies noted that Anabaena was present in very low quantities or 
absent in most sediments, but occurred in great quantities when present, possibly because 
it does not compete well under light-limiting conditions (van Geel et al., 1994; Hillbrand 
et al., 2014).  
 Sheaths of Gloeotrichia comprised a significant proportion of the total 
cyanobacteria in the sediments of both lakes but were absent from the water samples. In 
Bray Area Lake they comprised 5% or less of the algal counts (Figure 3), and a 
significantly higher proportion (>20%) of the counts for Pine Forest Lake (Figure 3). 
Since the life habit of Gloeotrichia ranges from planktonic to epiphytic (Komarek et al. 
2003), the apparent absence of Gloeotrichia from the water column in this study may 
indicate that they are dominantly epiphytic in the Rolla lakes. Alternatively, the low 
concentration in the water and higher abundance in the sediments may be indicative of a 
high preservation potential. Regardless of its habit, the higher number of Gloeotrichia in 
the 6-9 cm core interval in Bray Area Lake may be indicative of its resistance to 
degradation. The Pine Forest Lake data suggests that Gloeotrichia can thrive in meso-
eutrophic conditions, which agrees with recent findings that the genus can tolerate a 
diverse range of ecological conditions (Chmura et al. 2006) for largely unknown reasons 
(Jack Jones, pers. comm., 2014), which may include high light requirements and a 
ferrophilic nature (Chmura et al. 2006). 
Botryococcus, a fresh to brackish water alga that lives in habitats varying from 
wet mud to deep lakes (De Deckker 1988; Medeanic 2006), was identified in the water 
and sediment samples of the two lakes (Figure 3). Once thought to indicate shallow, 
eutrophic conditions (van Geel 2001), recent studies have shown that it can also occur in 
oligotrophic waters (Chmura et al. 2006, Cook et al. 2011). While the Pine Forest Lake 
water sample had high abundance of Botryococcus, it was low in the sediments, as well 
as in the Bray Area Lake water and sediment samples. The 0-3 cm core interval at Bray 
Area Lake was an exception to this observation (Figure 3) where its higher numbers 




2008). Therefore, Botryococcus has a moderate to high preservation potential, which 
apparently decreases under more eutrophic conditions and may be related to its 
occurrence in oligotrophic waters (Cook et al. 2011). 
 Pediastrum is noted for its resistance to decay and palynological processing, and 
its species level identification has great potential for use as a paleoecological indicator 
(Jankovska and Komarek 2000; Komarek and Jankovska 2001). Three of the six species 
of Pediastrum identified, namely P. simplex var. clathratum, P. duplex var. duplex, and 
P. duplex var. asperum, occurred in insufficient quantities for any conclusions to be 
drawn. Of the remaining three species, P. integrum (an oligotrophic temperate alga) and 
P. boryanum var. psuedoglabrum were identified in all three Bray Area Lake core 
samples, but were not observed in the lake water. Their abundances in the low diversity 
Bray Area Lake 6-9 cm core sample indicate that they have a high preservation potential, 
which agrees with previous work (Komarek and Jankovska 2001, Pasztaleniec and 
Poniewozik 2004, Bradshaw et al. 2005). P. simplex var. psuedoglabrum, an indicator of 
eutrophic reservoirs with neutral to alkaline waters (Komarek and Jankovska 2001, 
Pasztaleniec and Poniewozik 2004) was identified only in all Pine Forest Lake sediment 
samples, and also appears to agree with previous findings that indicate a high 
preservation potential.  
6. Conclusions 
Two shallow man-made lakes in south-central Missouri (Pine Forest and Bray 
Area) were cored in 2010, and sampled for water from 2012 – 2013 (late fall, spring, 
summer, winter) and one surficial-sediment (Pine Forest Lake only) in late fall 2012.  
The average annual abundances of live algae in the lake water were compared with the 
algal assemblages in palynological residues from the top 9 cm of cored sediments in the 
lakes. Some of the most important preliminary conclusions are noted below. 
1. Statistical evaluations demonstrated the ability to use algae in sediments to 
infer environmental stability and change, even in the absence of other ecological data. 
2. Algae can be used to model the ecological conditions in lakes. In Pine Forest 
Lake, the presence of Staurastrum, Gloeotrichia, and Pediastrum simplex var. 




located in a warm-temperate to tropical climate. This interpretation is in good agreement 
with measured ecological conditions. In addition, the recovery of Pediastrum duplex var. 
asperum contributes to our understanding of the ecological implications of this poorly 
constrained alga. 
3. An understanding of the preservation potential of algae better constrains their 
presence in palynological preparations. For example, while relatively high abundance of 
Staurastrum, as identified in Pine Forest Lake core sediments (Figure 3), is often used as 
an indicator for mesotrophic conditions, this is not the case here since this lake is actually 
mesotrophic to eutrophic. Its abundance is apparently related to its high preservation 
potential in sediments and not abundance in the lake water.  
The implications of preservation potential in the recovery of algae in lake 
sediments highlight the need for higher resolution studies. Such studies should monitor 
weekly algal changes in littoral and pelagic lake waters over the course of a year, 
alongside surficial-sediments in the lakes and waters from within stands of aquatic plants. 
Following such monitoring, shallow lake cores (~10 cm) should be collected and sampled 









Plate 1. 1, Botryococcus. 2, Pediastrum integrum. 3, P. boryanum var. pseudoglabrum. 4, 
Peridinium willeeii. 5, Sphaerocystis. 6, Scenedesmus. 7, Staurastrum. 8, Desmid 
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Abstract:  
Pollen spectra were studied in shallow cores from three man-made lakes (Bray 
Conservation Area Lake, Pine Forest Lake, and Frisco Lake) in the Rolla, Missouri area, 
which is situated on the Ozark dome. The pollen data were evaluated by the modern 
analog technique (MAT) to create climate reconstructions. Despite a significant presence 
of the Asteraceae family (up to 30% of some pollen sums), MAT reconstructions 
demonstrated good correlation with instrumental data on a centennial time scale, but 
mixed results on a decadal to sub-decadal scale. The best estimate of the maximum root 
mean square error (RMSE) for reconstructions was 1.2°C in the July median temperature, 
3.4°C in the January median temperature, and 155.3 mm in the annual precipitation. 
Notable improvements in error were accomplished for most climate parameters by using 
a regional calibration model for MAT reconstructions and by excluding Asteraceae 
family pollen from said reconstructions. Pollen and heavy metals data correlated with 
historical events and changes in land use, such as shifts from agricultural to residential 
uses, a significant city fire, the paving of dirt roads, and urban expansion. Following 
initial anthropogenic disturbances in the late 19th and 20th centuries, increasing 
urbanization surprisingly led to a decrease in disturbance taxa. 
Keywords: pollen, paleoclimate reconstructions, Missouri, Holocene, paleolimnology 
Highlights:  
-Centennial MAT reconstructions demonstrated good correlation with instrumental data 
-Decadal models were good for summer temperature, but mixed for other variables 
-Inclusion of disturbance taxa (Asteraceae) in climate modeling reduced model accuracy 





Climate models are important for understanding the potential effects of global 
climate change on sea level, precipitation, temperature, ocean and atmospheric 
circulation, ice sheet extent, and biome distribution (Bradley 1999, Ruddiman 2008, 
Lamentowicz et al. 2008, Grimm et al. 2011, Keizer et al. 2015). Because the 
instrumental record of climate is short, longer-term climate reconstructions derived from 
climate-proxy data such as pollen serve an important role as validation of climate models 
by comparing model projections of past climate to reconstructions from proxy data 
(Grimm and Jacobson 2004). Pollen-based reconstructions can be created with a number 
of techniques, including logit regression (Guassian, and multinomial), response surfaces, 
restricted inverse linear regression, principal components regression, correspondence 
analysis regression, and modern analogue technique, to name a few (Birks 1995). The 
modern analogue technique (MAT) was chosen for this study because it is a commonly 
used method for post-glacial data (Lytle and Wahl 2005). It isolates individual climate 
variables for reconstruction (Birks 1995), and can be easily performed using publicly 
available datasets (i.e. Whitmore et al. 2005) and software (Hammer et al. 2001, Sawada 
2006). Cores from three shallow lakes in the Rolla area (Bray Area, Pine Forest, and 
Frisco lakes) were studied using palynology, geochemistry, x-ray diffraction, and loss-
on-ignition; the results were used to date the cores and provide historical corroboration 
for the age of the cores. Pollen data were then used to create climate reconstructions 
(January and July temperatures and annual precipitation) for the region, and these 
reconstructions were compared to historical data supplied by the U.S. National Oceanic 
and Atmospheric Administration (NOAA), where possible.  
The goals of this paper are to evaluate anthropogenic mediated changes in the 
palynological spectra of all three lakes. Human effects on pollen spectra vary with 
location, but are dependent on the native vegetation and land transformations (Li et al. 
2008). A second goal of this study is to further evaluate the effects of anthropogenic-
driven changes on pollen spectra that could obscure climate signals (Jacobson and Grimm 
1986, Oldfield et al. 2003, Birks and Seppa 2004, Grimm and Jacobson 2004, 




freshwater lake records have the potential to reconstruct climate on decadal or finer 
resolutions (Finsinger et al. 2010, Keizer et al. 2015), which has so far been mostly 
limited to bogs (e.g. van Der Knapp et al. 2012). 
1.1. Regional Setting  
The Ozark dome is an uplift that dates back to the Precambrian and is mostly 
composed of carbonate and siliciclastic rocks of Ordovician age at the present-day 
surface. These Ordovician rocks unconformably overlie Cambrian carbonates and a 
Precambrian igneous complex, which crop out in eastern Missouri (Overstreet et al. 
2003). Pennsylvanian age karst fills are rare, but do occur in the area, and modern 
sediments are related to recent glaciations and riverine processes (Thompson 1995). 
1.2. Study Area 
The three shallow lakes selected for this study in the Rolla, Missouri area (Table 
1, Figure 1) were chosen in order to evaluate the levels of human impact on the pollen 
spectra. Bray Area Lake is located in a sparsely populated area that is mostly surrounded 
by farms and is currently a public recreation area managed by the Missouri Department 
of Conservation. Pine Forest Lake is located in a residential development, and was 
originally built as a farm pond. Frisco Lake was originally built in 1860 by the Frisco 
Railroad as a water stop for the company's steam engines, but was partially drained in 
1982 to dredge the northern edge of the lake (Dennis 1999). Frisco Lake is now located 
on a small city park in the middle of the city of Rolla. 
2. Methodology 
Cores were obtained using a 2-inch (5.08 cm) diameter PVC pipe, which was 
pushed into the lake-bottom sediment. The longest core from each lake was used for 
study. The PVC cores were cut into two halves lengthwise. Cores were sampled in 3 cm 
intervals into 16 g samples, and these samples were processed at Global Geolabs for 
pollen using standard techniques that omitted oxidation (Traverse 2007), and included the 
addition of a Lycopodium spike for estimation of pollen concentration (Stockmarr 1971). 
The Pine Forest Lake Surface Sample only was collected using a van Dorn Sampler to 
collect surficial sediments from the lake bottom. Strew mounts prepared from 




Table 1.  Locations of core samples evaluated in this study. Core length in cm and water 
depth at location of coring in m. 
 
 








Core Length (cm): 45.5 28.5 29.0 
Appx. Depth (m): 1.5 1.0 1.0 
microscope. The remaining halves of the cores were hand-crushed in 2 cm intervals for 
geochemical, X-ray diffraction (XRD), and loss-on ignition (LOI) analyses. Average 
sedimentation rates were calculated based on the total core depth and age. Cluster 
analysis on various combinations of the pollen data was used to aid interpretation and 
pollen zones were delineated based on the pollen data; all pollen and spore data were 
used to create the constrained cluster analysis presented in the figures below. 
Geochemical studies of heavy metals were conducted using 0.5 g (± 0.001 g) dry 
weight of material according to the Method 200.2 Hotblock Digestion Technique (U.S. 
Environmental Protection Agency 2003). Digested samples were analyzed using an ICP-
MS (ELAN DRC-e instrument) at the Missouri University of Science and Technology 
Materials Research Center. Four sets of standards were used per hot block digestion, 
including duplicates and triplicates of a single sample, a standard lake sediment (BCR-
701; Rauret et al. 2001), empty blanks, and spiked blanks (2.200 mL of a solution 
comprised of: Pb (454 ppm), Zn (454 ppm), Cs (45.5 ppm), and Ni (45.5 ppm)). 
Loss on ignition (LOI) was performed at the Illinois State Museum’s Research 
and Collections Center in Springfield following standard operating procedures (Heiri et 
al. 2001). Approximately 1 g of material was dried at 105° C overnight and massed 
(weighed) using tongs. Samples were burned in the oven at 500°C for two hours, cooled 
in desiccation chambers for one hour, and massed. This procedure was repeated at 900°C. 
Standards for filter paper (organic matter) and calcium carbonate were included among 
the samples, with the filter paper undergoing complete combustion at LOI500 and the 
calcium carbonate undergoing 82.9-87.5% combustion at LOI900. The data for the Bray 




A Phillips X-Pert Diffractometer at the Missouri University of Science and 
Technology’s Materials Research Center was used for X-Ray Diffraction (XRD) on bulk 
sediments. Using a copper filament, the bulk samples were run at a scan angle 2θ from 5-
70° for a duration of 15 minutes. Since each sample was crushed for two other analyses 
prior to XRD, two separate runs were averaged to determine the bulk composition, and 
X-Pert High Score software was used to determine the most likely mineral composition 
for each sample. XRD on clays was run on glass-mounted slides with clays oriented with  
 
Figure 1. Location of Rolla lakes study sites. The state of Missouri in the USA is shown 
in 1; and 2 shows the locations of Frisco Lake (A), Bray Area Lake (B), Pine Forest Lake 




the c-axis perpendicular to the slide. Slides were created using deionized water and 1 
gram of crushed sample comprised of the recombined crushed material from previous 
work. This sample material and the standard (Table 2) were stirred in 100 mL of 
deionized water, which suspended the clay particles. After 15 seconds, this clay slurry 
was decanted into a separate 100 mL beaker and allowed to settle for 5 minutes, at which 
time it was pippeted evenly across the prepared glass slides and allowed to dry. Prepared 
slides were analyzed in the diffractometer, with four different scans run per sample. The 
first two scans (3° to 38° 2θ at 2°2θ/minute and 24° to 26° 2θ at 0.4° 2θ/minute) were run 
on untreated, dry samples, the third scan (2° to 15° 2θ at 2°2θ/minute) was run on the 
samples after overnight treatment in an ethylene glycol chamber, and the fourth scan (2° 
to 15° 2θ at 2°2θ/minute) was run on the samples after heat treatment at 375°C for 30 
minutes. Methods followed the unpublished clay XRD standard operating procedure for 
the Geochemistry Lab at the Missouri University of Science and Technology and have a 
10% detect level (adapted by D.W. Wronkiewicz from Parham and Austin 1967 and 
Parham 1970). Example results for both bulk sediment XRD and clay XRD analyses can 
also be found in Appendix A, along with tabulated results for all XRD analyses.  
Climatic reconstructions, including the median temperatures for an average 
January and July day (°C), as well as the median annual precipitation (mm) were created 
using the Modern Analog Technique in the PAST software of Hammer et al. (2001) with 
the pollen database created by Whitmore et al. (2005). A subset of 58 pollen taxa 
modified from Overpeck et al. (1985), from each site were used for this modeling (Table 
3). A second subset of 59 pollen taxa, including the 58 taxa in Table 3 and a group 
comprised of the sum of all Asteraceae family taxa, was also modelled. Most of the 
sediments in this study represent time that falls within the period of record, so 
temperature and precipitation data from the U.S. National Oceanic and Atmospheric 
Administration (NOAA/NCDC 2015) was used to create a site-specific regional 
calibration for Rolla, Missouri. More information about this calibration can be found in 
Appendix B, and the calibration parameters that were chosen based on this work are 
presented below (Table 4). Although modeling parameters were kept close to what 

























Shuman 2008), best results from calibration in this study were used for modeling. The 
regional calibration also means that data from at least one other Rolla area lake was used 
in the reconstruction for each lake (Bray Area Lake's model included data from Pine 
Forest Lake, and vice-versa, while both were used to model Frisco Lake). 
3. Results 
3.1. Pollen 
Palynological results for Bray Area, Pine Forest, and Frisco lakes generally show 
Quercus and Asteraceae as the dominant taxa (Figures 2, 5, and 8, respectively; tabulated 
results can be found in Appendix C). Chlamydospores are also a dominant group at Bray 
Area Lake, and Pinus show a short-lived dominance at Pine Forest Lake. Minor taxa 
(Figures 3, 6, and 9) include arboreal pollen (e.g. Alnus, Betulaceae, Carya, Populus, 
Salix, Ulmus), and non-arboreal pollen including Chenopodiaceae, Cyperaceae, 
Persicaria lapathifolia-type, and Poaceae. Cluster analysis was performed on the full set 
of pollen and spores for each lake, and pollen zones were drawn based on these results 




Pollen concentrations were calculated (Figures 4, 7, and 10) as well as average 
sedimentation rates (Table 5). In this study, Cupressaceae represents red cedar (Juniperus 
virginiana), whereas every member of the family identified has been grouped into 
Asteraceae. 
3.2. Geochemistry 
Heavy metals data for nickel concentrations in all three lakes were 20 ppm or 
lower; lead concentrations were up to 70 ppm and highest in Frisco Lake; and zinc 
concentrations ranged upward of 100 ppm, and were highest in Frisco Lake (Figures 4, 7, 
and 10). The results for lead and zinc concentrations in Frisco Lake corresponded closely 
with previous results (Dennis 1999). The lead and zinc results of this study and Dennis 
(1999) have been plotted together according to the best match of their concentrations 
(Figure 11), which correlates during the period 1882 - 1924 A.D. 
3.3. Loss on Ignition 
The Loss on Ignition results indicate a general trend of progressive degradation of 
organic matter (LOI500) with burial which asymptotically approaches a minimum of 2-
3% (Figures 4 and 7). This trend is not followed in Frisco Lake (Figure 10) where the 
sediments obtained are older (see section 4.1) and therefore already degraded to the 
minimum. Carbonates (LOI900) show a similar but much less pronounced trend, 
however values near the top of the cores are not significantly higher than other maximum 
values, so it is likely not a degradation curve. Instead, the moderate increase in LOI900 
near the top of all three cores is likely due to enhanced sedimentation rates and/or 
increases in the velocity/competence of inflowing streams during their most recent time 
of sedimentation. This increase in competence led to an increase in carbonates, which 
appear to be skewed toward larger grain size (i.e. med. sand or larger) while quartz is 
found abundantly at all grain sizes in these lakes (as indicated by the dominance of quartz 
in bulk XRD results, below). 
3.4. X-ray Diffraction 
Results of bulk X-ray diffraction (XRD) are shown for total clay minerals and 
dolomite; the remainder of the sum, which is not shown, comprised quartz (Figures 4, 7, 




Table 3. Pollen taxa used for Modern Analog Technique climate modeling. Taxa not 
detected in a given sample were still included in the model with a count of “0”. Based on 
Overpeck et al. (1985). 
 
pebble. The grain size distribution was not analyzed because a paucity of sample 
material. Clay XRD results have been placed in these figures as insets and labeled by 
depth. Four major types of clay minerals, namely kaolinite, illite, smectite, and mixed 
Abies  - Fir Juglans  -  Walnut Family
Acer  negundo  - Box Elder Larix/Pseudotsuga - Larch/Douglas Fir 
Acer  pensylvanicum  - Striped Maple Liquidambar  - Sweet Gum
Acer  rubrum  - Red Maple Magnoliaceae - Umbrella Tree Family 
Acer  saccharinum  - Silver Maple Moraceae - Mulberry Family 
Acer  saccharum  - Sugar Maple Myricaceae - Myrtle Family 
Acer  - Maple Nyssa  - Sour Gum
Alnus  crispa  - Mountain Alder
Ostrya /Carpinus  - Hop/Hornbeam, 
Ironwood
Alnus  rubra  - Red Alder Picea  glauca  - White Spruce
Alnus  rugosa  - Speckled Alder Picea  mariana  - Black Spruce
Alnus  - Alder Picea  - Spruce 
Anacardiaceae - Sumac Family Pinus  diploxylon  - Hard Pines
Apiaceae - Celery Family Pinus  haploxylon  - Soft Pines
Aquifoliaceae - Holly Family Pinus  - Pine undifferentiated
Betula  - Birch Platanus  - Sycamore
Carya  - Hickory Populus  - Poplar, Aspen
Castanea  - Chestnut Quercus  - Oak
Celtis  - Hackberry Rhamnaceae/Vitaceae - Buckthorn/Grape
Cephalanthus  - Button Bush Rosaceae - Rose Family
Cornus  - Dogwood Rubiaceae - Bedstraw Family
Corylus  - Hazel Salix  - Willow
Cupressaceae - Cedar Family Sarcobatus  - Greasewood
Fabaceae - Pea Family Taxodium  - Cypress
Fagus  - Beech Thalictrum  - Meadow Rue
Fraxinus  nigra  - Black Ash Tilia  - Basswood
Fraxinus  pennsylvanica /americana  - White  Tsuga heterophylla  - Western Hemlock
Fraxinus  - Ash Tsuga  mertensiana  - Mountain Hemlock
Juglans  cinerea  - Butternut Tsuga  - Hemlock  undifferentiated




layer clays, were found in the lakes. Clay mineral results showed no clear trend in any 
lake, which is due to the fact that regional clay mineralogy is mixed and most clays 
studied in this region contained all of the clay minerals noted in this study (Chavez 1986, 
Spreng et al. 1990). 
Table 4. Calibration parameters used in Modern Analog Technique (MAT) for climate 
reconstruction. "n" indicates the number of analogues used for the reconstruction, "T" 
indicates the cutoff value of what was considered sufficiently similar for use as an 
analogue, and the number of sites used for July temperature and precipitation was the 
entire dataset from Whitmore et al. (2005), while January temperature used a selected 
subset of that data which only included sites in the window of 80-100° West in North 
America. 
 
  n T 
No. of sites 
used 
January 
Temperature 5 0.3570 662 
July Temperature 5 0.3000 4.5k 
Precipitation 4 0.4238 4.5k 
 
3.5. Climate Modeling 
The reconstructed climate values based on the pollen data of 58 taxa have been 
plotted versus time, along with measured climate data from NOAA, which is presented in 
different sets of time-averaged medians for comparison (Figures 12 and 13). The 
intervals for median curves based on the NOAA data were chosen based on 
sedimentation rates at the three Rolla lakes, in order for the reconstructed models to 
match with the curves from the actual climate data. Median temperature reconstructions 
for Bray Area and Pine Forest lakes track very well with the central tendency of the 
historical data. Frisco Lake also compares favorably with the historical data for the period 
of record, although the reconstructed mean January values are negatively skewed toward 

























Figure 2. Major pollen and spore taxa in Bray Area Lake. Cluster analysis was 















Figure 3. Minor taxa in Bray Area Lake. 10 or fewer grains in at least one sample 
examined, noted as presence/absence. 
 
  
Figure 4. Additional parameters studied in Bray Area Lake. Bulk XRD results (remaining 
sum is quartz), clay XRD results (inset graphs), metals concentrations, loss on ignition at 
500°C and 900°C (corresponding to organic matter and carbonate minerals, respectively), 

















































































































Table 5. Sedimentation rates for the Rolla lakes. "Age" is the length of record held in the 
evaluated cores in years. 
 





Forest 38 0.75 
Bray Area 70 0.41 
Frisco 42 1.08 
compare favorably with historical records; Pine Forest Lake is solidly within the central 
tendency of the historical data, while Bray Area Lake appears to reconstruct the 
variability in rainfall with a seven-year median relatively well, although the c. 1940 - 
1970 period is a notable exception, and is discussed further below. The Frisco Lake 
reconstruction matches the historical three-year median, although it exaggerates the 
extremes somewhat. The root mean square error (RMSE) is presented below (Table 6) to 
show the error inherent in modelled parameters. Three kinds of RMSE values are shown: 
RMSEreal, for the 58 pollen taxa dataset (modified from Overpeck et al., 1985); 
RMSEreal+aster, for the 59 pollen taxa dataset which include the 58 taxa and a group 
comprised of the sum of the Asteraceae family; and RMSEmodel for a bootstrap set of 
modelled reconstructions for every site in the modelling dataset (see Appendix B). 
RMSEreal values should provide a reliable assessment of the performance of the 
reconstructions at each lake since the reconstructions are compared to historical data. 
RMSE values for these modeled climate parameters indicate that temperature 
reconstructions are at +/-3.4°C or better, while precipitation reconstructions are +/-22 cm 
or better (Table 6). An in-depth discussion of the error in this modeling can be found 
below. 
4. Discussion 
Analysis of this pollen data shows a remarkable correspondence with regional 
events on a centennial to sub-decadal time scale. Major changes in land usage, such as 
























Figure 5. Major pollen and spore taxa in Pine Forest Lake. Cluster analysis was 






Figure 6. Minor taxa in Pine Forest Lake. 10 or fewer grains in at least one sample 
examined, noted as presence/absence. 
 
Figure 7. Additional parameters studied in Pine Forest Lake. Bulk XRD results 
(remaining sum is quartz), clay XRD results (inset graphs), metals concentrations, loss on 
ignition at 500°C and 900°C (corresponding to organic matter and carbonate minerals, 



















































































































ownership to governmental management, can be seen in the data. Reconstructed climate 
parameters show good correlation with instrumental records on a centennial time scale, 
but mixed results on a decadal to sub-decadal time scale. 
4.1. Lake Chronology 
Pine Forest and Bray Area lakes were created in 1972 and the 1940’s, 
respectively, as shown by historical satellite data and aerial photography (Haselwander 
and Oboh-Ikuenobe 2017, in press). While Pine Forest and Bray Area lake cores are long 
enough to account for the entire history of those lakes, the 45.5 cm core from Frisco Lake 
is too short to account for its entire history, as previous studies recovered up to 1.4 meters 
of sediment (Dennis 1999). Because radiocarbon dating did not achieve a reliable date for 
any of these lakes due to the hard water effect (Appendix C), alternative methods were 
pursued for correlation. Pre-existing heavy metals data on Frisco Lake (Dennis 1999) 
were compared to the results of this study (Figure 11). Neither lead nor zinc 
concentrations decrease below 100 ppm after the 1920’s, and the results from this study 
are a close match for previous metals results in the period from 1882 – 1924 A.D. Zinc 
concentrations record the beginning of the climb from less than 100 ppm to greater than 
100 ppm, which is a notable marker in the record of this lake. While the lead 
concentrations support the zinc concentration results, the zinc curve was used for 
calibration because the lead results yielded a larger variance in quality checks, with an 
RMSE of 1.7 ppm for zinc and 78.9 ppm for lead. In this evaluation, spiked quality check 
standards were favored in the final analysis over a sediment lab standard (BCR-701) 
because of known error associated with the lab standard. Further discussion on the topic 
of error and tabulated data for the heavy metals analyses can be found in Appendix D. 
4.2. Lake Data 
Two pollen zones, A and B, were interpreted at Bray Area Lake. Zone B contains 
a high abundance of Chlamydospores throughout the interval, as well as the highest 
abundances of Asteraceae and Cupressaceae in this core (Figures 2 and 3). The observed 
pollen spectra in zone B represents a time of disturbance and greater erosion, a 
conclusion also supported by a greater quantity of coarser clastic material (sand and 























Figure 8. Major pollen and spore taxa in Frisco Lake. Cluster analysis was constrained 





Figure 9. Minor taxa in Frisco Lake. 10 or fewer grains in at least one sample examined, 
noted as presence/absence. 
 
  
Figure 10. Additional parameters studied in Frisco Lake. Bulk XRD results (remaining 
sum is quartz), clay XRD results (inset graphs), metals concentrations, loss on ignition at 
500°C and 900°C (corresponding to organic matter and carbonate minerals, respectively), 












































































































Table 6. Root mean square error (RMSE) values for modeled climate parameters in this 
study. Temperatures are °C and precipitation is mm. RMSEreal and RMSEreal+aster were 
calculated using NOAA data for the Rolla lakes and RMSEmodel was calculated from the 
model datasets of Whitmore et al. (2005). RMSEreal+aster designates a reconstruction that 
included 59 taxa; the 58 from Table 3 and the sum of all members of the Asteraceae 
family. 
 
  RMSE Bray PFL Frisco 
Jan. 
Temp. 
Real + Aster 1.8 1.1 4.2 
Real 1.6 1.3 3.4 
Model 2.2 2.2 2.2 
July 
Temp. 
Real + Aster 1.2 0.6 1.5 
Real 0.9 0.5 1.2 
Model 2.1 2.1 2.1 
Precip. 
Real + Aster 197.8 151.9 134.2 
Real 155.3 143.5 98.4 
Model 219.4 219.3 221.0 
a much lower quantity of Chlamydospores, the persistently lower numbers of 
Cupressaceae, a moderate decrease in Asteraceae, an increase in Fraxinus, a minor 
increase in Quercus, and increase in diversity. The change in pollen zones coincides with 
a change in sedimentation and land ownership, which occurred in 1995 (~7cm core 
depth) when the Bray family donated the property to the Missouri Department of 
Conservation (information on the Missouri Department of Conservation website). In zone 
B, erosion on the property was likely enhanced by human activity, which may have 
included clearing underbrush, controlled burns, etc.; the pollen record indicates these 
practices were discontinued when MDC took ownership. A modest decrease in lead 
concentrations from 1980 onward may be related to the phase-out of leaded gasoline, 
which shows a decreasing trend in the Rolla area beginning in 1977 (Dennis 1999). A 
peak in zinc concentrations c. 1997 appears to be related to re-shingling the roof that 
happened at the time (see Figure 4).  
 The three major pollen zones (A, B, and C) identified in Pine Forest Lake 




values, moderate Chlamydospore abundances, and the lowest overall Pinus abundances 
of the three zones (Figures 5 and 6). LOI 500 and 900 are lowest in this zone, and a small 
spike in heavy metals concentrations occurs during the early 1980's (24cm core depth), 
which is likely related to human activity (Figure 7). A reduction in Asteraceae, increase 
in Pinus and a spike in Cupressaceae occur from zone C to B, together indicating a 
decrease in disturbance, likely a change in land use from grazing pasture to fallow field. 
Since Juniperus virginiana (Cupressaceae) requires ~10 years to reach sexual maturity, 
the transition may have occurred earlier (Burns and Honkala 1990). Zone B covers the 
period from the late 1980’s to the mid-90’s, where Cupressaceae decreases sharply after 
an initial rise in abundance. This could indicate that the land-usage changed from fallow 
to hay field, which is supported by a small rise in Poaceae and Asteraceae at the top of 
this zone. LOI500 and 900 are low values, as in much of the rest of the core, and heavy 
metals are constant. Zone A is characterized by low Chlamydospore abundances and a 
decrease in Cupressaceae and Asteraceae. The transition from zone B to A correlates to 
the mid to late 1990’s, when land usage of the site changed to a residential development, 
and it corresponds to a change in deposition. The moderate increase in lead and zinc from 
the late 1990’s through the mid-2000’s were likely related to human activity in the 
residential development. Although concrete and dwellings and lawns replaced field, the 
overall effect of the residential development was to reduce disturbance, which is why the 
disturbance taxa decrease. The surface sample at the very top of the zone shows large 
increases in the counts for some arboreal pollen, such as Carya, Juglans, Pinus, and 
Quercus, which is likely related to the on-going process of degradation at the sediment-
water interface where this sample was collected, not to vegetation changes in the region. 
Degradation of organic matter appears to take place in a freshwater environment from the 
sediment-water interface down into the sediment for several centimeters – here at Pine 
Forest Lake, this can be seen in the log-like curve of the LOI500 which levels out at a 
core depth of around 10 cm. 
Frisco Lake has been divided into three major pollen zones (A, B, and C) that 
largely correspond to changes in sediment composition (Figures 8 and 9). The base of 




cottonwood than at present. This is likely due to the popularity of cottonwood among 
settlers because of its rapid growth rate (Burns and Honkala 1990). Given the high 
abundance of Populus and Chlamydospores in this interval, it likely encompassed 1880 – 
1882, because a major fire occurred in the city in 1881. This fire accounted for the 
sudden decrease in Populus as many trees were apparently destroyed, and the spike of 
Chlamydospores is the result of increased erosion (Mann and Mann 1974). Zone C is 
characterized by high abundances of the disturbance taxa Chlamydospores and 
Asteraceae which appears to be the result of low quality dirt roads that provided mud for 
runoff and ideal habitat for Asteraceae (Mann and Mann 1974). Low overall metals 
concentrations in zone C indicate less human disturbance and simpler technology 
compared to zones A and B. In zone B (1905-1915 A.D.) the abundance of Asteraceae 
reaches its maximum, and a moderate increase in the abundance of Pinus also occurs. 
There is a moderate decrease in lead and zinc, and carbonate minerals show a small 
increase. The general decrease of Chlamydospores in zone B correlates with efforts by 
city officials to upgrade the roads. This began with the gravelling of roads in 1904, which 
led to decreases in erosion and provided a new source for carbonate minerals in the form 
of dolomite/limestone aggregate (Mann and Mann 1974). The increase in disturbance 
indicated by Asteraceae in this period is likely related to the continued growth of the city, 
which increased in population by nearly 1/3 from 1900 to 1910 (Mann and Mann 1974). 
Zone A, which begins around 1915 A.D., is characterized by a significant drop in both 
Chlamydospores and Asteraceae/Chenopodiaceae, which suggests a decrease in 
disturbance and erosion. Major tree taxa (Quercus, Pinus, Cupressaceae [and to a lesser 
extent, Ulmus, Juglans, and Liquidambar]) significantly increase in abundance in this 
zone, which further supports the conclusion of stabilization in the region. The beginning 
of the "modern" rise in lead and zinc also corresponds with this stabilization. A spike in 
carbonate minerals, indicated by both LOI900 and bulk XRD data, coincides with an 
increase in grain size; this suggests that streams experienced an increase in flow rate in 
this zone. All of these effects are likely related to increasing urbanization. The increase in 
major tree taxa pollen in zone A is probably the result of planting trees to beautify the 






















Figure 11. Lead and zinc concentrations for Frisco Lake. The results from this study are 






(Chlamydospores, Asteraceae, Chenopodiaceae) are correlative with the construction of 
paved streets, which began in 1909, had made notable progress by 1915 when the most 
populated streets had been paved, and continued beyond that time (Mann and Mann 
1974). This improvement in road surfaces also likely acted to funnel runoff that caused 
an increase in velocity and competence in streams and drainage ditches. Technological 
improvements in this period, such as electric power generation by the city (Mann and 
Mann 1974), and galvanized steel roofs, probably caused the increases in heavy metals. 
4.3. Climate Modeling 
This study compared similar intervals of time in the core (3 cm sections) with 
median intervals of time from the NOAA historical data (Figures 12 and 13). The 
intervals of time chosen for medians for the historical data can strongly affect the 
appearance of fit when compared to reconstructed curves. The curves presented in 
Figures 12 and 13 appear to correlate well, although the appearance of a match should be 
approached cautiously. For example, Frisco Lake's average sedimentation rate indicates 
that a three-year median on the historical climate data should match the reconstructed 
climate parameters. For simplicity in plotting the data, the four-year median historical 
curve was used in the temperature data in Figure 13, whereas the three-year median 
historical curve was used for the precipitation data in Figure 12. Reconstructed curves in 
both figures appear to match the historical medians well at Frisco, which theoretically 
should not be the case; the four-year historical median curve should show a slight 
mismatch with Frisco Lake reconstructions but it does not appear to do so. RMSEreal 
values (Table 6) provide a reliable assessment of the accuracy of the reconstructions at 
each lake. 
Pine Forest Lake records the least sensitivity to precipitation and January 
temperature (3- and 4-year medians), but it still shows a broad correlation to increasing 
and decreasing trends in these variables and provides a good long-term estimate. For July 
median temperature, the Pine Forest Lake model shows the same fit to the central trend of 
the data, but the fit is tighter - a conclusion also supported by the lower RMSEreal (Table 
6). The Pine Forest Lake Surface Sample has been excluded from RMSE calculations 




this lake (cluster analysis in Figure 5). It appears that the unique form of collection used 
to obtain the Pine Forest Lake Surface Sample created pollen data which is not 
comparable to the pollen data generated using standard coring techniques, which were 
used for every other sample. 
 Bray Area Lake's reconstructed values for precipitation are a remarkably good 
match to the seven-year median from the top of the core to the 1980's, but diverge in the 
late 1970's. This divergence is likely related to gaps in the climate data from 1975-1979, 
and 1968, 1969, and 1972, which almost certainly skews the medians for this period. The 
last sine wave in the Bray precipitation reconstruction, which covers the years 1960- 
1944, is not a perfect match for that period, although if there was a lower than average 
sedimentation rate in this interval, the reconstructed curve may have been artificially 
stretched by calculations which assumed a constant sedimentation rate. In this case, that 
curve could match the 1953-1959 historical data interval. Alternatively, the poor match 
could be due to the averaging effect of incorporating material from the entire 3-cm 
interval of each core sample. Following a negative deviation from the trend at the top of 
the core, temperature reconstructions for Bray Area follow the central trend of the 
historical median temperature. Since all three of the reconstructions for Bray Area show a 
negative deviation in the top segment of the core, it appears that some systematic error is 
present  in that interval, although the exact nature of that error is unknown.  
The core top reconstruction for Frisco Lake precipitation (c. 1925-1910) shows a small 
offset, which could be the result of sediment averaging, the median chosen for the 
historical data, or human activity affecting the pollen spectrum. Despite this slight offset, 
the RMSEreal for precipitation at Frisco Lake was the best in the study (98.3 mm), which 
indicates a reliable reconstruction for this parameter during the period of record. Pre-
record, it is reasonable to assume that the precipitation curve reconstructs these values 
with the same goodness of fit for the central tendency of precipitation because similar 
conditions persisted. During the interval of record, Frisco Lake temperature 
reconstructions show sub-decadal fluctuations in median temperature that mirror the 
instrumental change - a feature that may be due to the regional calibration. While the July 




reconstruction matches the curve but shows a negative offset, and a high RMSEreal 
(3.39°C). Various recalibrations of model parameters seem to have little effect on the 
January temperature reconstructions, although removing the regional calibration caused a 
significant increase in the amount of error (Figure 14). It appears that the error in January 
median temperature is consistent in the interval where instrumental data is available. As 
discussed in the pollen results, settlement in the region had a significant impact on the 
vegetation – pictures of Frisco Lake during late 1800’s show the entire area completely 
devoid of vegetation – and this may well be reflected in the error in the January 
temperature reconstruction. 
Overall, climate reconstructions for these three lakes correlate well with 
instrumental records on a centennial time scale, but show mixed results on a decadal to 
sub-decadal scale. In spite of a paucity of training sites for the MAT model near the study 
locations (only 14 training sites located in the state – see Appendix B for distribution), 
these robust results likely suggest that MAT-based reconstructions using regional pollen 
spectra are more resistant to human interference and other short-term factors than 
previously thought. MAT-based reconstructions that included the Asteraceae family (e.g. 
Ambrosia, Iva-xanthifolia) as a single group indicate that this family had a minor 
deleterious effect on most climate reconstructions (5-25% increase in error as measured 
by RMSE). Simply excluding the Asteraceae family from the groups used for 
reconstruction led to a quantifiable improvement in the accuracy of the reconstructions, 
hence they were excluded from climate reconstructions presented in this work. 
This study conditionally supports other recent studies that have demonstrated the 
ability to reconstruct climate at a decadal scale, (Finsinger et al. 2010, Keizer et al. 2015). 
The climate reconstructions from the Rolla lakes cluster tightly with the historical 
summer median temperatures, indicating the high degree of accuracy of this parameter. 
This conclusion supports research by Donders et al. (2014) who indicated that some 
anemophilous pollen producing taxa experienced variations in pollen production 
correlated with summer temperatures from the previous year and the temperature during 
flowering seasons. Thus, decadal to sub-decadal climate reconstructions based on inter-

























Figure 12. Modeled precipitation for the Rolla lakes. Modeled values are plotted 
alongside three- and seven-year median data for precipitation (mm) in the Rolla area 







































Figure 13. Modeled temperatures for the Rolla lakes. Modeled values are plotted 
alongside four- and seven-year median data for temperature (°C) in the Rolla area (based 























pollen production and other important climate factors, such as winter temperature and 
annual precipitation, pose a challenge. The regional calibration in this study strongly 
influenced the model and makes it much more accurate (Figure 14). 
4.4. Error in Climate Modeling 
The literature indicates three major sources of error inherent to the modern analog 
technique. According to Lytle and Wahl (2005), the sources of error are: 1) the error 
constrained by the coefficient of determination (r2) and RMSE, which covers the 
variability included in the non-unique relationships between climate and vegetation, and 
error associated with the cored lake samples (i.e. misidentification, differential 
preservation, palynological processing, etc.); 2) the subsampling of pollen assemblages in 
the sediment; and 3) the subsampling of the modern pollen assemblage. Two additional 
sources of error present in this study are noted: the choice of a single median value for a 
time period as a representative of climate during that time acts like a subsampling of the 
historical data; and anthropogenic activities are known to alter vegetation and pollen 
spectra and a concern that this may overprint natural data and obscure our ability to 
recover reliable reconstructions from such data (Jacobson and Grimm 1986). 
5. Conclusions 
Pollen data and metals concentrations in Bray Area, Pine Forest, and Frisco lakes 
demonstrate a clear correlation with minor historical changes at decadal and finer 
resolution in the areas around each of the lakes. Metals concentrations were correlated 
with previous studies in Frisco Lake and used to provide dating constraints. Abundance 
trends in disturbance taxa (Asteraceae, Chlamydospores) in this study correlated with 
disturbance events, such as disturbed land (i.e. mud roads) and agricultural uses, but 
increasing urbanization reduced the abundances of these taxa.  
Pollen-based climate reconstructions using the modern analogue technique 
indicated a clear relationship to the central trend of historical climate data from the same 
period (i.e. centennial scale), with summer temperature showing good correlation to 
climate on a very fine (decadal or better) scale. This confirms recent findings from other 
studies (Finsinger et al. 2010, Keizer et al. 2015), although decadal and finer 












Figure 14. Reconstructions for January median temperature at Frisco Lake. Frisco 1 
represents the 662 lake subset of sites with the other Rolla sites (Bray Area Lake and Pine 
Forest Lake) excluded; Frisco 2 represents that subset plus the Rolla sites. 
Results also indicate that pollen-based MAT reconstructions are more resistant to the 
influence of short-term factors (i.e. human disturbance expressed by an increase in 
Ambrosia and urbanization) than previously thought, although the error in such models 
appears to be notably increased by the inclusion of such disturbance taxa in climate 
models. The methodology of regional calibration for MAT employed in this study 
significantly improved results (see RMSE, Table 6). 
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Appendix A: XRD Results and Examples of XRD Raw Data  
The x-ray diffraction method yields 2θ curves which are a function of the 
refractive index of the minerals in the studied samples. Examples of standard data returns 
from these studies can be found below, including examples of the clay XRD analysis 
(Figures A.1 and A.2), bulk XRD analysis (Figure A.2), and clay standard (Figures A.3 
and A.4). The clay standard was made up of 50% Smectite and 50% Kaolinite; calculated 
percent compositions based on the XRD results can be found below for the standard and 
for the lake samples (Table A.1) and for the bulk XRD results (Table A.2 to A.4).  
Table A.1. Clay composition (%) of samples. Depth is listed in cm from top of core. 
 






4-6 0 0 0 100 
8-10 18 0 0 82 




6-8 11 0 19 70 
8-10 49 0 7 44 
18-20 50 0 0 50 
Frisco 
Lake 
10-12 1 0 54 45 
16-18 25 8 27 40 
26-28 31 0 21 48 
42-45 34 16 0 50 



























0-2 100 0 0 
2-4 100 0 0 
4-6 100 0 0 
6-8 97 0 3 
8-10 96 0 3 
10-12 97 0 3 
12-14 98 0 2 
14-16 97 0 2 
16-18 95 0 5 
18-20 98 0 3 
20-22 98 0 2 
22-24 94 0 6 
24-26 94 0 6 
26-28 98 0 2 












0-2 0 0 0 
2-4 92 0 6 
4-6 99 0 1 
6-8 99 0 1 
8-10 98 0 2 
10-12 93 0 7 
12-14 93 0 8 
14-16 92 0 7 
16-18 96 0 6 
18-20 91 0 9 
20-22 92 0 8 
22-24 91 0 8 
24-26 92 0 8 





Table A.4. Bulk XRD Results (%), Frisco Lake. Depth is listed in cm from top of core. 
 
Depth Quartz Dolomite Clays 
Frisco 
Lake 
0-2 87 10 2 
2-4 95 3 2 
4-6 90 3 7 
6-8 93 6 1 
8-10 90 7 2 
10-12 96 2 2 
12-14 95 2 3 
14-16 96 1 3 
16-18 92 3 5 
18-20 92 2 6 
20-22 93 1 6 
22-24 94 1 5 
24-26 97 1 2 
26-28 96 1 3 
28-30 94 1 5 
30-32 94 1 5 
32-34 94 1 6 
34-36 96 2 3 
36-38 90 4 6 
38-40 94 1 5 
40-42 96 0 4 




 Figure A.1. "Fast", "Slow", and "Glycol" scan results for Frisco Lake, sample 42-45.5 
cm. Peaks for different clay types have been noted. 











































Figure A.2. "Heat" scan results for Frisco Lake, sample 42-45.5 cm and Bulk XRD 


















Frisco Lake 10-12cm, Bulk XRD
 Kaolinite




Figure A.3. “Fast", "Slow", and "Glycol" scan results for clay standard. Peaks for 































































Appendix B: Calibration of Climate Models using Modern Analog Technique 
The Modern Analog Technique (MAT) was used to reconstruct the climatic 
parameters median temperature (for an average January and July day, °C) and median 
annual precipitation (mm). Reconstructions were created using the "Modern pollen 
database for North America and Greenland" v. 1.7 (Whitmore et al. 2005), with the 
model variables noted in Table 4 of the main text used for the final model. The variables 
tested included 1) the size of the dataset, 2) the "Distribution Threshold" (T) which is the 
cutoff value used to determine if a modern analog is similar enough to the sample being 
modeled to for use in reconstruction, and 3) the number of analogs used for each 
reconstructed value (n).  Selection of model variables was based on multiple runs of each 
model with a range of variables; for Distribution Threshold, values generally ranged from 
0.1 - 0.7; for the number of analogs, values ranged from 1-9; and two datasets were 
considered - the total 4,833 study sites in the database of Whitmore et al. (2008) and a 
subset of 662 sites from that dataset, including lakes (and large bogs and man-made 
impoundments) with pollen counts greater than 190 from the Midwest (FiguresB.1a and 
B.1b, below). All models also incorporate the Bray Area and Pine Forest lake data with 
historical climate medians where appropriate; Bray was included as a possible analog site 
for modeling of Pine Forest Lake, and vice-versa, and both were used in modeling Frisco 
Lake. The results of root mean square error tests (RMSE, Equation B.1) for these 
variables are presented below (Figures B.2, B.3, and B.4). 
Equation B.1:  RMSE = (1/n*∑ei2)0.5  
To determine the best dataset size for each variable, the RMSEreal for the 
complete 4,833 site Whitmore et al. dataset (2005) and the subset of 662 sites were 
plotted using the distribution threshold as the independent variable (Figure B.2). The 
RMSEreal is calculated using residuals (e) created by comparing the reconstructed climate 
values from the modeled lake site with the historical median values from the same time 
of record, which were compiled from NOAA records for Rolla, Missouri. Time intervals 
for comparison were established using calculated sedimentation rates. The RMSEmodel is 




the pollen database and the residual for each site calculated by comparing the 
reconstruction to the actual climate value in the database. The RMSEmodel was then 
calculated from these residuals, and it provides an assessment of the parameters used in 
this model when applied to a geographically diverse dataset.  
The RMSEreal should provide the best assessment for the quality of the 
reconstructions in this study, as it compares climate reconstructions to instrumental 
climate data. The dataset that gave the best performance for both Bray Area and Pine 
Forest lakes, i.e. the lowest RMSEreal, was chosen as the best dataset size for the regional 
model. The decision as to "best" performance for dataset size appeared clear for July 
temperature and annual precipitation, which demonstrated a clear improvement of the 
4,833 size over the 662 set at Bray Area Lake, while performance for both datasets was 
almost identical at Pine Forest Lake. The January temperature showed nearly identical 
performance at Bray Area Lake, but notable improvement in the 662 dataset at Pine 

















 To determine the most effective modeling values, RMSEreal and RMSEmodel for a 
range of tested distribution thresholds (Figure B.3), and for a range of number of analogs 
(Figure B.4) are plotted using the best sized datasets, discussed above. The distribution 
threshold and number of analogs that corresponded with the lowest RMSE for both lakes 
was chosen as the best value for regional modeling, although the best values for two of 
the three climate parameters fell outside of the Williams and Shuman (2008) "window" 
of best fit (T = 0.2 - 0.3 and n = 3-7) for N. American MAT models. For most values in 
the modeled space, RMSEmodel tends to overestimate the magnitude of error, yielding a 
value that can be up to twice as large as the RMSEreal. It appears that a calibration to the 






Figure B.2. A comparison of the two possible datasets (full 4,833 lake site dataset by 
Whitemore et al., 2008, and a selected subset of 662 sites from that set). Green lines 
represent RMSEreal for the smaller set of sites (662) and Blue lines represent RMSEreal 
for the full number of sites in the dataset (4,833). The x-axis represents tested values for 
the distribution threshold and the y-axis represents calculated RMSE. RMSE values for 






Figure B.3. RMSE plots for a range of distribution thresholds for three reconstructed 
climatic parameters. The x-axis represents tested values for the distribution threshold and 
the y-axis represents calculated RMSE. Orange lines represent RMSEmodel and Blue lines 
represent RMSEreal. RMSE values for temperature represent error in °C, and annual 
precipitation is represented in mm. July temperature and annual precipitation values are 
from a dataset encompassing 4,833 study sites and January temperature is from a dataset 








Figure B.4. RMSE plots for a range of the number of analogs for three reconstructed 
climatic parameters. The x-axis represents tested values for the number of analogs used 
and the y-axis represents calculated RMSE. Orange lines represent RMSEmodel and Blue 
lines represent RMSEreal. RMSE values for temperature represent error in °C, and annual 
precipitation is represented in mm. July temperature and annual precipitation values are 
from a dataset encompassing 4,833 study sites and January temperature is from a dataset 





Appendix C: Tabulated Pollen Counts, and Radiocarbon Results 
Table C.1. Raw pollen counts for Bray Area Lake, depth in cm. 
 
 
Bray Area Lake 
Core Depth
0-3 3-6 6-9 9-12 12-15 15-18 18-21 21-24 24-27 27-29
Alnus 3 5 0 0 0 0 0 0 0 0
Carya 7 12 3 1 2 0 1 0 0 0
Casuarina 0 0 1 0 0 0 0 0 0 0
Celtis 1 0 0 0 0 0 0 0 0 0
Cornus 0 3 1 0 0 0 0 0 0 0
Corylus 0 1 0 0 0 0 0 0 1 2
Cupressaceae 15 13 13 18 25 37 49 39 46 54
Fabaceae 0 0 0 0 0 1 0 0 0 0
Fraxinus 26 51 14 1 1 9 1 1 0 0
Juglans 9 13 6 4 0 2 3 0 2 1
Larix 0 1 0 0 0 0 0 0 0 0
Platanus 
occidentalis
1 1 3 2 0 0 0 0 0 1
Pinus 10 13 17 14 10 12 13 8 19 18
Populus 1 3 5 5 8 5 5 5 7 6
Quercus 93 132 106 21 85 62 58 51 68 73
Salix 1 3 0 0 0 0 1 0 0 0
Ulmus 3 2 0 0 0 0 0 0 0 0
Asteraceae 26 43 70 37 17 41 45 41 80 57
Galium 1 0 0 0 0 0 0 0 0 0
Chenopodiaceae 3 5 4 6 2 4 4 6 4 0
Cyperaceae 0 1 0 0 0 1 0 0 0 0
Ephedra 0 1 0 0 0 0 1 0 0 0
Lonicera 1 0 0 1 1 0 0 0 0 0
Persicaria 
lapathifolia -type
0 1 0 5 4 5 4 5 4 4
Plantago 1 1 0 0 0 0 0 0 0 0
Poaceae 20 19 11 13 13 8 5 4 4 12
Chlamydospore 18 27 127 192 212 213 123 202 107 143
Equisiteum 1 6 0 0 0 0 0 0 0 0
Dryopteris 5 5 6 13 7 12 2 6 6 9
Pteretis 
pensylvanica
0 1 5 2 2 2 0 2 40 40
Botrychium 0 1 0 1 5 4 9 1 1 1
Cheilanthes feei 0 0 0 0 0 1 0 0 0 0
Dennstaedtia 
punctiloba
0 1 2 1 0 1 0 0 0 0
Osmunda 0 0 0 3 2 0 0 0 0 0
Pteridium 3 2 7 2 0 0 1 0 0
Potamogeton 4 8 12 3 2 5 11 7 7 6
Fungal 120 175 411 463 726 368 478 489 565 578








Pine Forest Lake 
Core Depth
Surface 0-3 3-6 6-9 9-12 12-15 15-18 18-21 21-24 24-27
Acer 4 0 0 0 0 0 0 0 0 0
Alnus/Ulmus 6 1 6 1 2 1 0 1 1 2
Betulaceae 0 0 1 0 1 2 0 0 1 1
Carya 31 2 8 10 7 11 5 4 4 7
Cornus 0 5 1 0 1 0 1 0 0 2
Cupressaceae 7 9 12 7 14 14 34 23 22 11
Fraxinus 1 1 0 0 0 0 1 1 3 0
Juglans 11 4 4 1 4 2 0 4 3 1
Larix 3 0 0 0 0 0 0 0 0 0
Liquidambar 2 1 0 0 1 0 0 1 0 0
Picea 0 0 0 0 0 0 5 6 0 0
Pinus 188 48 19 33 39 58 45 30 15 46
Platanus 3 0 0 0 0 0 0 0 0 0
Populus 3 24 17 19 24 34 31 35 30 65
Quercus 159 86 62 80 93 87 80 62 77 118
Salix 1 0 1 1 1 1 3 3 1 3
Asteraceae 23 24 20 27 35 72 62 100 120 81
Chenopodiaceae 4 1 1 0 0 1 7 5 3 4
Ephedra 0 0 0 1 0 0 0 0 0 0
Fabaceae 0 0 0 0 1 0 0 0 1 2
Galium 1 0 0 0 0 0 0 0 0 0
Malvaceae 1 0 0 0 0 0 0 0 0 0
Narthecium 1 0 0 0 0 0 0 0 0 0
Onagraceae 0 2 0 1 0 0 0 0 0 0
Persicaria 
lapathifolia -type 0 1 0 0 0 0 4 0 0 1
Plantago 1 0 0 0 1 0 0 0 2 4
Poaceae 8 19 14 24 30 25 23 15 31 18
Pyrolaceae 1 0 0 0 0 0 0 0 0 0
Chlamydospore 1 8 5 4 8 18 27 14 12 6
Dryopteris 3 4 0 1 0 3 0 1 1 0
Pteretis 
pensylvanica 5 0 0 0 0 0 0 0 0 0
Cheilanthes feei 0 0 0 0 1 0 0 0 0 0
Dennstaedtia 
punctiloba 1 1 0 0 1 0 1 0 0 0
Osmunda 0 0 0 0 0 1 2 2 0 0
Potamogeton 0 8 7 15 26 26 19 29 25 25
Fungal 13 82 86 86 68 133 172 147 172 87








Frisco Lake Core 
Depth
0-3 3-6 6-9 9-12 12-15 15-18 18-21 21-24 24-27 27-30
Acer 4 4 2 9 2 3 5 6 1 2
Alnus 2 1 1 1 0 0 1 0 0 0
Betulaceae 1 1 3 0 1 0 0 0 0 0
Brassicaceae 0 1 0 0 0 0 0 0 0 0
Carpinus/Ostrya 1 0 8 3 5 4 1 3 3 3
Carya 6 8 5 5 5 6 3 3 1 2
Casuarina 0 1 0 0 0 0 0 0 0 0
Celtis 0 0 0 0 0 0 0 0 0 0
Cornus 3 1 0 1 2 0 0 0 0 0
Corylus 0 1 0 0 1 0 0 0 1 0
Cupressaceae 23 19 18 25 7 10 25 11 8 8
Fraxinus 2 6 4 2 1 1 1 0 1 0
Juglans 8 13 4 2 3 4 8 3 4 5
Larix 6 7 1 3 4 11 0 9 6 15
Liquidambar 3 2 6 1 1 0 1 1 0 1
Picea 0 0 0 0 0 0 0 0 0 0
Pinus 32 46 30 34 28 18 26 15 19 22
Populus 21 6 6 19 5 4 24 10 2 5
Quercus 197 201 157 207 104 95 80 87 96 93
Salix 3 15 10 3 12 4 1 2 6 5
Ulmus 26 23 80 34 23 28 30 24 17 16
Asteraceae 42 44 44 61 98 153 147 130 125 103
Chenopodiaceae 1 6 6 6 16 9 16 9 17 15
Cyperaceae 30 18 16 29 14 6 28 6 15 12
Ephedra 0 0 0 1 0 1 0 0 0 0
Equiseteum 0 4 10 0 8 21 0 16 11 15
Fabaceae 1 2 1 0 0 2 0 0 0 0
Galium 3 4 14 3 4 4 0 0 2 5
Lonicera 0 0 0 1 0 0 0 0 0 0
Persicaria 
lapathifolia -type
0 2 0 0 1 1 0 0 2 4
Plantago 6 8 9 4 17 11 7 11 9 14
Poaceae 21 36 37 15 45 32 38 36 47 37
Chlamydospore 6 2 3 5 25 26 20 25 37 33
Dryopteris 8 3 5 2 8 3 3 6 5 4
Pteretis 
pensylvanica
0 1 0 0 0 0 2 3 1 1
Botrychium 0 0 0 0 0 0 0 0 0 0
Dennstaedtia 
punctiloba
0 0 3 0 0 0 2 0 0 0
Osmunda 0 0 0 0 0 1 2 2 1 1
Pteridium 1 0 2 0 1 0 1 1 0 0
Haloragaceae 0 0 0 0 1 1 0 3 1 0
Potamogeton 10 3 1 8 1 0 4 1 1 0
Utricularia 0 0 0 0 0 0 0 0 0 0
Fungal 182 228 245 169 439 471 383 424 375 336




Table C.3b. Raw pollen counts for Frisco Lake (cont.), depth in cm. 
 
 
Frisco Lake Core 
Depth
30-33 33-36 36-39 39-42 42-45.5
Acer 1 2 1 4 4
Alnus 0 0 0 0 0
Betulaceae 1 3 1 0 0
Brassicaceae 0 0 0 0 0
Carpinus/Ostrya 1 3 2 3 2
Carya 6 4 9 5 7
Casuarina 1 1 0 0 0
Celtis 0 0 0 0 3
Cornus 1 1 0 1 0
Corylus 0 1 0 0 0
Cupressaceae 19 15 5 10 15
Fraxinus 1 2 1 4 1
Juglans 10 6 1 5 6
Larix 0 13 6 6 0
Liquidambar 1 0 1 0 2
Picea 0 0 0 1 0
Pinus 23 15 19 13 17
Populus 25 15 9 13 43
Quercus 91 101 109 79 70
Salix 2 3 2 1 0
Ulmus 33 19 36 31 18
Asteraceae 107 120 112 107 118
Chenopodiaceae 30 10 20 22 16
Cyperaceae 23 22 16 15 16
Ephedra 1 0 0 0 0
Equiseteum 0 13 16 25 1
Fabaceae 1 0 1 0 0
Galium 0 1 1 1 1
Lonicera 0 0 0 0 0
Persicaria 
lapathifolia -type
0 3 0 1 2
Plantago 11 9 7 12 5
Poaceae 32 35 30 39 41
Chlamydospore 9 37 27 35 48
Dryopteris 2 4 2 5 1
Pteretis 
pensylvanica
0 0 1 0 0
Botrychium 0 1 0 0 0
Dennstaedtia 
punctiloba
0 0 1 3 0
Osmunda 1 1 1 2 0
Pteridium 1 0 0 4 2
Haloragaceae 0 0 0 4 0
Potamogeton 12 0 1 9 11
Utricularia 0 0 0 1 0
Fungal 201 346 275 348 312




Table C.4. Radiocarbon results for bulk sediments samples in this study. 
 Depth (cm) Age (YBP) 
Bray Area Lake 
14 6350 
28 5920 










Appendix D: Heavy Metals in the Rolla Study, Methods, Tabulated Data and 
Sources of Error 
D.1. Heavy Metals Analysis Methods 
Geochemical studies of heavy metals were conducted using 0.5 g (± 0.001 g) dry 
weight of material according to the Method 200.2 Hotblock Digestion Technique (U.S. 
Environmental Protection Agency 2003). Samples were massed into pre-cleaned plastic 
beakers and placed in a hot block with 2 mL Nitric acid (1+1) (70% nitric acid, diluted to 
1:1 with deionized water [DIW]) and 5 mL Hydrochloric acid (1+4) (70% Hydrochloric 
acid, diluted to 1:4 with DIW) added into each beaker.  The hot block was turned on at 
115°C, which raised the temperature in the beakers to 95°C, for 65 minutes.  Initial 
volume and final volume after digestion were measured and recorded.  After digestion, 
the watch glass covers and sides of the beakers were rinsed down, and the beakers were 
filled to 50 mL total volume with DIW.  Beakers were shaken to thoroughly mix the 
agents, and then allowed to settle overnight.  Finally, the extract was filtered through a 
syringe filter at 0.45 µm and the final extract placed in pre-cleaned test tubes for ICP-MS 
analysis. 
D.2. Heavy Metals Data and Quality Control 
Raw data for the four heavy metals studied in the Rolla lakes (Ni, Zn, Cs, and Pb) 
is provided here in ppm (Tables D.1-D.3). Quality controls on this data included spiked 
blanks, empty blanks, triplicate runs, and the standard BCR-701, with multiples of each 
QC type included in both hot block runs (Tables D.4-D.7). RMSE values calculated for 
the spiked blanks and the BCR-701 standard are also included (Table D.8). The results of 
the RMSE and QC tables are conflicted between whether the Pb or Zn data is most 
reliable. Because the BCR-701 standard sample was from an older, previously opened 
sample, which is a known source of error for that standard, this study concluded that the 
BCR-701 results are likely unreliable (Rauret et al. 2001). Based on the spike standard, 
the Zn data has been accepted as the most reliable heavy metals data in this study, and 






Table D.1. Heavy metals results (ppm) for Ni, Zn, Cs, and Pb in Pine Forest Lake, with 
sample depth as noted in cm. 
 
Depth Ni Zn Cs Pb 
PFL 4-6 10.371 40.006 0.511 31.314 
PFL 6-8 8.532 23.674 0.357 29.250 
PFL 8-10 9.525 25.696 0.509 22.224 
PFL 10-12 9.891 25.691 0.581 19.816 
PFL 12-14 9.781 26.48 0.613 18.704 
PFL 14-16 9.575 26.711 0.584 18.987 
PFL 16-18 11.984 27.613 0.621 19.218 
PFL 18-20 11.215 27.032 0.653 21.003 
PFL 20-22 11.287 27.588 0.646 19.709 
PFL 22-24 18.097 33.16 0.692 32.489 
PFL 24-26 15.976 30.066 0.577 21.151 














Table D.2. Heavy metals results (ppm) for Ni, Zn, Cs, and Pb in Bray Area Lake, with 
sample depth as noted in cm. 
 
Depth Ni Zn Cs Pb 
BAL 2-4 3.543 39.084 0.272 4.917 
BAL 4-6 4.221 41.893 0.296 5.227 
BAL 6-8 8.272 20.545 0.640 10.111 
BAL 8-10 6.184 13.562 0.738 8.521 
BAL 10-12 6.675 21.494 0.562 9.971 
BAL 12-14 8.467 21.080 0.561 12.193 
BAL 14-16 9.199 22.824 0.596 16.038 
BAL 16-18 7.423 19.551 0.602 10.834 
BAL 18-20 8.851 25.973 0.646 12.579 
BAL 20-22 6.461 16.388 0.701 9.413 
BAL 22-24 6.190 13.793 0.596 9.951 
BAL 24-26 7.439 16.543 0.479 12.003 
BAL 26-28 8.962 21.600 0.56 15.537 













Table D.3. Heavy metals results (ppm) for Ni, Zn, Cs, and Pb in Frisco Lake, with sample 
depth as noted in cm. 
 
Depth Ni Zn Cs Pb 
FL 0-2 12.458 92.721 0.578 65.902 
FL 2-4 12.053 101.809 0.576 48.857 
FL 4-6 12.425 72.883 0.621 48.064 
FL 6-8 11.520 90.648 0.586 47.879 
FL 8-10 12.023 52.254 0.562 44.159 
FL 10-12 12.389 43.945 0.529 39.658 
FL 12-14 12.800 45.539 0.697 45.842 
FL 14-16 10.718 37.839 0.656 30.377 
FL 16-18 11.845 47.267 0.750 47.194 
FL 18-20 10.712 38.623 0.734 38.010 
FL 20-22 11.466 35.250 0.667 33.988 
FL 22-24 10.788 33.121 0.769 35.496 
FL 24-26 11.309 36.519 0.770 38.814 
FL 26-28 10.463 30.746 0.730 36.471 
FL 28-30 9.991 42.616 0.610 44.733 
FL 30-32 11.943 45.208 0.680 52.112 
FL 32-34 12.264 46.823 0.737 49.835 
FL 34-36 11.538 46.353 0.815 55.618 
FL 36-38 12.897 37.338 0.699 43.178 
FL 38-40 11.122 34.659 0.697 38.943 
FL 40-42 9.126 36.142 0.635 35.387 







Table D.4. Heavy metals results (ppm) for Ni, Zn, Cs, and Pb in Standard BCR-701 hot 
block samples from the Rolla study, literature values for BCR-701 at top (Rauret et al. 
2001). 
 
Sample Ni Zn Cs Pb 
BCR-701 103 454 0 143 
Sample 54 62.439 295.709 3.023 136.200 
Sample 57 64.819 308.659 2.997 153.570 
Sample 60 65.265 309.573 2.997 156.340 
Sample 51 62.849 299.724 3.124 134.820 
 
Table D.5. Heavy metals results (ppm) for Ni, Zn, Cs, and Pb in Blank hot block samples 
from the Rolla study. 
 
Sample Ni Zn Cs Pb 
Sample 49 0.0007 0.3650 0.0002 0.0028 
Sample 52 0.0005 0.3868 0.0000 0.0001 
Sample 55 0.0453 0.5175 0.0015 0.0173 
Sample 58 0.0091 0.4015 0.0074 0.0906 
 
Table D.6. Heavy metals results (ppm) for Ni, Zn, Cs, and Pb in Spiked Blank hot block 
samples from the Rolla study. 
 
Sample Ni Zn Cs Pb 
Spike 
concentration 45.5 454.0 45.5 454.0 
Sample 56 37.2 456.9 39.1 560.0 
Sample 50 37.5 453.8 41.2 482.7 







Table D.7. Heavy metals results (ppm) for Ni, Zn, Cs, and Pb in Triplicate hot block 
samples from the Rolla study. BAL – Bray Area Lake; PFL – Pine Forest Lake; FL – 
Frisco Lake. 
 
Sample Ni Zn Cs Pb 
  6.184 13.562 0.738 8.521 
BAL 8-10 6.125 13.537 0.732 8.372 
  6.026 13.031 0.635 8.553 
  12.800 45.539 0.697 45.842 
FL 12-14 12.177 46.998 0.663 42.367 
  11.885 42.695 0.565 42.177 
  9.991 42.616 0.610 44.733 
FL 28-30 10.195 42.012 0.628 46.524 
  10.492 43.054 0.676 45.044 
  9.575 26.711 0.584 18.987 
PFL 14-16 9.551 28.711 0.535 19.953 
  9.339 26.532 0.573 18.935 
 
Table D.8. Root mean square error (RMSE) for ICP-MS results of all Standard samples 
(BCR-701) compared to the standard value in the literature, and for Spiked samples 
compared to the known concentration. 
 
RMSE BCR-701 Spike 
Pb 10.03 78.93 
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Abstract: 
Two small lakes (Blue and Cypress ponds) were cored and studied from Bollinger 
County, Missouri, USA. The lakes were cored with a Livingstone-type corer with cores 
for Cypress Pond obtained in sections from the same borehole. Lake sediments were 
evaluated for their palynology, sedimentology, and geochemistry with palynological data 
used to create Modern Analog Technique (MAT) climate reconstructions. Age models for 
both lakes were created using BACON based on radiocarbon dates at Cypress Pond and a 
mix of Pb-210 and radiocarbon dates at Blue Pond. Results indicate that Blue Pond may 
have formed during the 1811/1812 New Madrid Seismic Event, while Cypress Pond has 
been a center of sedimentation for most of the Holocene. Four sedimentary facies were 
identified at Cypress Pond, which relate to depositional environment, apparently 
reflecting a change from floodplain/rivers edge, to a wetland/swamp, to a standing pond. 
Small changes in relative abundances of sand (less than 1% to 6%) correlated with 
different depositional environments in this study. Climate reconstructions were created 
for most of the Holocene using pollen data from Cypress Pond, and for the last ~200 
years at Blue Pond. Where possible, climate reconstructions were compared to 
instrumental climate data to evaluate their quality. Root mean square error was used as an 
estimate of the error, with error calculated at: 0.54°C in July average temperature, 1.98°C 
in January average temperature, and 99 mm in annual precipitation. This study 
underscores the difficulty of comparison between climate reconstructions and 
instrumental climate data. It suggests that high resolution palynological study in 
sediments deposited during the historical period could be used for estimation of the error 
in climate reconstructions. 





-Blue Pond may have formed during the New Madrid Seismic Events of 1811/1812 
-Small changes in relative abundance of sand (1-6%) can indicate changes in depositional 
environment 
-Cypress Pond cores have the potential to cover the entire Holocene 
-Climate reconstructions were created for most of the Holocene with good apparent 
accuracy 
1. Introduction 
Because of its geomorphology and glacial history, the paleolimnology of the 
northern Midwest of the USA (e.g. Minnesota), has been extensively studied, leading to 
an accurate, detailed understanding of the paleovegetation and paleoclimate of that 
region. This is important because such reconstructions are needed to evaluate climate 
models created to predict future climate changes. Unfortunately, much of the central 
Midwest has not been well studied because conditions are not ideal for accumulating and 
preserving paleolimnological records. It is important to better understand the 
paleoclimate and paleovegetation in the central Midwest because this data will facilitate 
the generation of more accurate climate models. Such models should better constrain 
temporal and spatial variation in climate and enhance the scientific understanding of time 
transgressive events like the melting of continental glaciers. 
This study is intended to supplement sparse palynological data in the Ozarks of 
Missouri, where a single published Holocene record has been obtained previously (Smith 
1984); a second record is currently under study (Eric Grimm, Pers. Comm. 2014). 
Overall, palynological data from the Quaternary of this area is understudied. Since there 
are only five sites studied so far, a much larger quantity of data is needed to better 
understand the climate transitions in the East and Midwest of the U.S. (Liu et al 2013). 
This study examines the sedimentary environment as well as the palynological record of 
two small lakes, namely Blue Pond and Cypress Pond in Bollinger County, Missouri, 
USA (Figure 1). A complete 88-cm record from Blue Pond and a set of cores from 
Cypress Pond totaling 5.3 m were retrieved. Climate reconstructions were created for 




evaluated against the instrumental climate record provided by the National Oceanic and 
Atmospheric Administration (NOAA). 
1.1. Geology and Climate of Southern Missouri  
The geologic history of Missouri began with crustal accretion in the Early 
Proterozoic, which was followed by shallow marine deposition of mostly carbonate 
sediments during much of the Paleozoic and the later part of the Mesozoic (Thompson, 
1995). Sedimentation was punctuated by significant hiatuses, and Cenozoic 
sedimentation was predominantly during the Paleocene and Pleistocene.  Fossil-rich, 
calcareous marine sediments were deposited in the Paleocene and changed to sands in the 
Eocene.  Following a significant hiatus, the Pleistocene experienced ice-sheet deposition, 
with glacial till dominating in the north, and an outward thinning loess in the south 
(Thompson, 1995). At the present day, large tracts of cave-forming Ordovician dolomite 
are exposed in southern Missouri. Most natural Missouri lakes in the Ozarks are karst 
collapse lakes hosted in these Ordovician rocks, and they provide the best potential sites 
for recovering cores on the order of 1,000’s to 10,000’s of years (Eric Grimm, Pers. 
Comm., August 2012). Such depressions tend to become shallower as they infill during 
sedimentation, eventually becoming entirely filled (as demonstrated by Pennsylvanian-
aged clay pits in the region).   
Modern Missouri climate is temperate, with median annual rainfall ranging from 
700 - 1400 cm, median winter temperature around 2°C, and median summer temperatures 
around 26°C. The Northern hemisphere is currently experiencing an interglacial period in 
the midst of an overall glacial age (Ehlers et al., 2011). The glacial history of the last two 
million years is an on-going area of investigation because of its complexity and 
importance in our understanding of modern climate change. Complicating factors include 
reworking of sediments, which can overprint older glacial records; inconsistent, ill-
defined terms which have led to confusion; and unreliable chronologies in older studies 
(Grimm et al. 2009, Ehlers et al., 2011, Liu et al., 2013). Based on improved 
chronologies utilizing AMS radiocarbon dates on plant macrofossils, two definite glacial 





Figure 1. Study areas are Cypress Pond (a.) and Blue Pond (b.). Located in Bollinger 
County (1.) in the state of Missouri, USA. 
12 kbp - 49 kbp), and Illinoian (MIS 6 and 8, c. 135-150 kbp), as well as two prior 
periods of glaciation, now known as Pre-Illinoian (c. 430 and 630 kbp - MIS 12 and 16) 











expanding and melting ice sheets, glacial periods at a particular location may appear to 
begin or end before or after the accepted dates, depending on the proximity of the 
location to glaciation.  
The glacial climatic history of southern Missouri has so far only been examined 
by five studies: Cupola Pond, Sweeton Pond, Old Field Swamp, the Pomme de Terre 
springs (i.e. Trolinger, Jones, Kirby, Boney, and Koch springs, all of which were studied 
prior to their flooding to create the recreational Pomme de Terre Lake), and Tupelo Gum 
Pond (Figure 2). For comparison, well over 100 study sites have been evaluated in 
Minnesota, which is ideal for such work. In Missouri, data from Tupelo Gum Pond was 
never published because the record was incomplete, and Cupola Pond is currently under 
study (Eric Grimm, pers. comm. 2015). From the available data, climate in the Great 
Plains near the Ozarks (sometimes called the southern and/or central plains) has been 
controlled by cyclic glacial-interglacial cycles for the last ~2.6 million years (Ehlers et 
al., 2011) with the extremes in summer and winter climate becoming greater closer to the 
 
Figure 2. Locations of previous Holocene pollen studies in Missouri, USA. Previous 
study sites are the springs of Pomme de Terre Lake (A), Sweeton Pond (B), Tupelo Gum 




present (Baker and Waln 1985). Although the record is fragmentary, it is apparent that 
glacial-interglacial shifts drove changes in flora and fauna throughout the period (Baker 
and Waln 1985; Grimm 2001).  
The fossil and pollen record from the Illinoian glacial to the present in the 
central–southern plains region to the west of Missouri is fragmented and contains a 
number of gaps. O'Kapp (1970) found that sediments of possible Illinoian-age from 
Oklahoma and southwest Kansas contained pollen that indicated a regional pine savannah 
vegetation (dominant Pinus and Picea, minor non-arboreals like Artemisia, Ambrosia, 
Gramineae, and Compositae, and rare deciduous taxa like Quercus, Carya, Juglans). Age 
constraints were established using local lithological relationships, and it is therefore 
possible that this pollen record is from a Pre-Illinoian glacial interval. The Sangamon 
interglacial shows evidence of increasing temperatures and lower effective precipitation 
in this region, indicated by the effective disappearance of Picea and the simultaneous rise 
in Gramineae and Compositae and the appearance of Juniper (O’Kapp, 1970). Late 
Sangamon – Early Wisconsin pollen data shows a return of Picea, which is interpreted as 
an indicator of milder climate and increased effective precipitation. Overall, Early to 
Mid-Holocene climate in the Midwest was characterized by greater variability than the 
present, including a notable period of aridity which varied in timing. The driest part of 
this arid period occurred from 6,000-9,000 ybp from Minnesota west, and from 3,200-
6,300 ybp on the Prairie Peninsula to the east (Iowa, northern Missouri, Illinois) (Grimm 
et al. 2001). The Mississippi River valley appears to follow the aridity trend of the west 
(King and Allen 1977). Cooler temperatures and increased precipitation have 
characterized the late Holocene in the region.  
On the Ozark Plateau of Missouri, King (1973) examined several springs in 
Pomme de Terre Lake before it was dammed. He created a composite interpretation from 
combined sites that represented the mid-late Wisconsin (40-20 kbp). His results indicated 
cool, interstadial conditions leading into full glacial conditions c. 24 kbp, with the 
western Ozarks covered in pine parkland during the interstadial (Pinus, Cyperaceae, 
Gramineae, Ambrosia and Compositae). The same study found that this ecotone 




during full glacial conditions. King (1973) also noted a decrease in Picea and an increase 
in deciduous taxa at c. 16.5 kbp, which he correlated to the waning influence of retreating 
glaciers. The Ozark record was picked up at approximately 17 kbp by Smith (1984) at 
Cupola Pond, where the continued importance of Picea and Pinus with minor Abies and a 
tertiary association of deciduous taxa (Quercus, Fraxinus, Alnus, Corylus, Salix, Betula) 
were detected. However, he observed higher occurrences of Quercus from 17 – 15.7 kbp 
than King (1973). This record was interpreted as a spruce forest transitioning to pine 
parkland during a warming trend. From 15.7 – 9.1 kbp, the Ozarks gradually transitioned 
to a deciduous forest with continued warming, although a brief period of climatic reversal 
occurred from 13.3 – 13.0 kbp, likely representing the Younger Dryas period. By 10 kbp 
Picea only comprised 6% of the pollen assemblage and appeared to be absent by 9 kbp. 
Quercus-dominated forest prevailed after this, with small but notable variations in the 
assemblage where several genera played a leading role for some periods of time (e.g.  
Ostrya/Carpinus, Graminea, and Pinus). 
2. Study Area  
Cypress Pond (N37°10’31”, W90°07’01”) is situated on the margin of the Ozark 
Plateau in a small karst basin that is immediately adjacent to the meander belt for the 
Castor River, approximately 50 miles northwest of the New Madrid fault zone (Figure 1). 
The river backs up into the pond and contributes sediment to Cypress Pond during times 
of high flow (i.e. spring floods – J. Hovis pers. comm. 2015), and water depth fluctuates 
from a dry lake bed during drought years to ~1m depth (0.5 m during an initial 
investigation and 0.8m during the first coring expedition). Cypress Pond is circular in 
shape and ~150 m in diameter. Blue Pond (N37°11’27”, W90°08’36”) is located ~3 miles 
northwest of Cypress Pond in a karst collapse next to an unnamed tributary creek of 
Castor River. Blue Pond is 21.8 m deep and oval in shape, with dimensions ~100 x 30 m. 
3. Methods  
Cypress Pond and Blue Pond were cored using a Livingston-type corer from a 
stable platform located in the middle of the pond (Last and Smol 2001). The former was 
cored on October 12 and 13, 2013 when 5.1 m of core were taken in 11 consecutive 




and an outer layer of aluminum foil. They were stored at the Illinois State Museum 
Repository in Springfield, IL in a cold room at ~38°F. As the top section of the core was 
not sufficiently compacted for wrapping, it was discarded, and a surface core was 
obtained on a second coring expedition (May 29-31, 2015), along with a second, 
unstudied core which achieved 7.74 m of core length in 11 drives. Refusal when 
obtaining the second core series apparently was due to coarsening sediments. The top 30 
cm of the Cypress Pond surface core was sampled on site in 1 cm intervals because it was 
insufficiently compacted for wrapping, and the remainder of the core (30-60 cm) was 
wrapped for later study. Blue Pond was cored on April 12, 2013 in one drive which 
yielded 89 cm of sediment before refusal, the top 20 cm of which was immediately 
sampled in 1 cm intervals, and the remainder of the core wrapped up for later study. 
Cypress Pond cores were evaluated at the National Lacustrine Core Facility 
(LacCore) at the University of Minnesota. Cores were halved using guitar string and then 
prepared for digital scanning. The working half was used for a digital linescan image at 
10 pixels/mm resolution while the archive half was used for the XYZ color space scan, 
spectrophotometry, and point-sensor magnetic susceptibility. After these analyses, the 
core was immediately wrapped and labeled for storage at LacCore as an archive. The 
working half was then used to make brief lithological descriptions. Samples were taken at 
this time for loss on ignition (LOI) and pollen analysis.  
The Blue Pond core was sub-sectioned in 1 cm intervals and studied at the 
Missouri University of Science and Technology (Missouri S&T) Paleontology Lab. 1 cm3 
of material was sampled in 8 cm intervals for pollen analysis, and 1 cm3 of material was 
sampled in 8 cm intervals for LOI analysis at the Illinois State Museum. 
Detailed descriptions of the core material were made using a dissecting 
microscopic with 10 cm resolution to 3.7 m, then at 20 cm intervals to the bottom of the 
core in Cypress Pond, and 8 cm intervals in Blue Pond. The grain size and shape was 
described in small sub-samples taken from these intervals, and relative percentages of 
sand-sized grains were made using visual estimation by comparison with Rite in the Rain 
Field Notebook figures. Smear slides were used for grain size analysis in comparing two 




The loss on ignition for Cypress Pond was performed following standard 
operating procedures in Heiri et al. (2001). Approximately 5-10 grams of material was 
dried at 100° C overnight and massed (weighed) using tongs. Samples were burned in the 
oven at 550°C for two hours, cooled in desiccation chambers for one hour, and massed. 
This procedure was repeated at 1000°C. LOI for Blue Pond used 1 cm3 of sampled 
material and the same procedure outlined above, except that samples were burned at 500° 
and 900°C. 
Cypress Pond pollen samples were prepared using the methodology of Mueller 
and Grimm (Appendix A) at the Illinois State Museum and additional samples were 
prepared in the Missouri S&T Geochemistry Lab using the same technique. This method 
follows standard methods outlined in Traverse (2007) involving maceration of 1.0 - 2.5 
cm3 of material (Table 1) with Hydrochloric (HCl) and Hydrofluoric acids (HF) to 
remove mineral material, sieving to remove clays, and acetolysis for oxidation. Samples 
were prepared in 8 cm intervals from the top down to 31.5 cm, then at 16 cm intervals 
from 31.5 cm to 260.5 cm, and 32 cm intervals from 260.5 cm to the bottom. A 0.5 mL 
spike of microspheres was added to each sample for volumetric analysis prior to 
processing, and the resulting residuum mounted in silica oil. Blue Pond pollen samples 
were prepared using the non-HF method of O’Keefe and Eble (2012), utilizing 1 cm3 of 
material at 8 cm intervals. One or two Lycopodium tablets (batch #124961) were added to 
each sample (Table 2), and a sonicator was used along with a 1% Liquinox solution to 
disaggregate the sediments. Residuum was filtered through 180 µm sieve and into a 10 
µm sieve; all material between these sizes were retained for analysis. Heavy liquid 
separation using a ZnCl solution with a specific gravity of 1.9 was employed to remove 
mineral materials. Samples were rinsed before acetolysis (1 minute in 9:1 acetic 
anhydride:sulfuric acid) to strip the pollen down to sporopollenin surfaces for pollen 
analysis. Residuum of core samples from both lakes were strew mounted on glass slides 
and counted to 300 total pollen grains (where possible); algal, fungal and other 
components were also counted but they were not included in the pollen sum. Counts of 
pollen and non-pollen palynomorphs were made on a Nikon E100 transmitted light 




for identification (Appendix D). In this study, Cupressaceae includes all taxa of that 
family because they could not be reliably separated; likely including Juniperus virginiana 
(red cedar), Taxodium distichum (cypress), as well as varieties of Thuja and Juniperus. 
Cluster analysis was performed in Tilia using counts and a square root transformation. 
Radiocarbon dating was performed only on macrofossil samples, such as 
identifiable pieces of wood, leaves, and charcoal. Charcoal was double picked using a 
small paintbrush, tweezers, and a dissecting needle, then sent to Lawrence Livermore 
National Labs for AMS radiocarbon analysis. For Cypress Pond, one charcoal sample 
was picked from Core S7 (1-7 cm depth), and a second sample was picked from Core S8 
(2-44 cm). Two wood fragments from Cypress Pond Core S1 (29 cm and 51 cm, 
respectively) were sent to the Geochronology Laboratory at the Illinois State Geological 
Survey for AMS radiocarbon analysis (Table 3). In Blue Pond, leaves were picked from a 
layer of leaf litter at 81-82 cm depth and sent to the Earth System Science Department at 
University of California-Irvine for AMS radiocarbon analysis (Table 4). 1 cm3 of 
material was sampled for Pb-210 dating in 1 cm intervals throughout the entire core, and 
Pb-210 analysis was carried out at the St. Croix Watershed Research Station in 
Minnesota. Age models were created in BACON (Blaauw and Christen 2011) for both 
lakes. 
Climate reconstructions were created using the modern analog technique (MAT) 
in the PAST software of Hammer et al. (2001), with reconstructions including mean 
temperatures for an average January and July day (°C), and the mean annual precipitation 
(mm). A subset of 58 pollen taxa (Paper II, Table 3; Overpeck et al., 1985) were used 
from the pollen database of Whitmore et al. (2005) and data from Pine Forest Lake, Bray 
Area Lake, and Frisco Lake in Rolla. For comparison, temperature and precipitation data 
from the U.S. National Oceanic and Atmospheric Administration (NOAA/NCDC 2016) 
for Marble Hill, Missouri, was used to perform quality checks, using the top three pollen 
samples at Blue Pond. 
Root mean square error (RMSE) has been used as an estimate of the error in the 
reconstructions using a subset of the climate reconstructions from Blue Pond (samples BP 




Table 1. Pollen samples from Cypress Pond. Sample names indicate the core drive (SC = 




(cm) Volume (cc) Spike Vol. (cc) 
CP-SC-0-1cm 0.5 1.0 0.5 
CP-SC-7-8cm 7.5 1.0 0.5 
CP-SC-16-17cm 15.5 1.0 0.5 
CP-SC-23-24cm 23.5 1.0 0.5 
CP-1L-0-1cm 21.5 1.0 0.5 
CP-1L-7-8cm 28.5 1.0 0.5 
CP-1L-15-16cm 36.5 1.0 0.5 
CP-1L-23-24cm 44.5 1.0 0.5 
CP-1L-31-32cm 52.5 1.0 0.5 
CP-1L-47-48cm 68.5 1.0 0.5 
CP-2L-7-8cm 84.5 1.0 0.5 
CP-2L-23-24cm 100.5 1.5 0.5 
CP-3L-2-3cm 117.5 1.0 0.5 
CP-3L-18-19cm 133.5 1.0 0.5 
CP-3L-34-35cm 149.5 1.0 0.5 
CP-4L-12-13cm 167.5 1.0 0.5 
CP-4L-28-29cm 183.5 1.0 0.5 
CP-4L-44-45cm 199.5 1.0 0.5 
CP-5L-7-8cm 216.5 2.0 0.5 
CP-5L-23-24cm 232.5 2.0 0.5 
CP-5L-39-40cm 248.5 1.0 0.5 
CP-6L-10-11cm 265.5 2.0 0.5 
CP-6L-26-27cm 281.5 2.0 0.5 
CP-7L-12-13cm 313.5 1.0 0.5 
CP-7L-44-45cm 345.5 2.0 0.5 
CP-8L-28-29cm 377.5 1.0 0.5 
CP-9L-13-14cm 409.5 2.0 0.5 
CP-9L-45-46cm 441.5 1.0 0.5 
CP-10L-29-30cm 473.5 2.5 0.5 
CP-11L-14-15cm 505.5 2.0 0.5 
















BP-0-1cm 0.5 1.0 1 
BP-7-8cm 7.5 1.0 1 
BP-15-16cm 15.5 1.0 1 
BP-23-24cm 23.5 1.0 1 
BP-31-32cm 31.5 1.0 1 
BP-39-40cm 39.5 1.0 1 
BP-47-48cm 47.5 1.0 1 
BP-55-56cm 55.5 1.0 1 
BP-63-64cm 63.5 1.0 2 
BP-71-72cm 71.5 1.0 1 
BP-79-80cm 79.5 1.0 1 
BP-87-88cm 87.5 1.0 1 
 
and can be compared to historical records with high certainty. As a coarse approximation, 
RMSEmodel evaluates the performance of the model when reconstructing itself (residuals 
are calculated from reconstructions made for every site in the model), but does not 
estimate the performance of individual sites. 
4. Results 
Pollen, age-model, climate reconstruction, and sediment results for both Blue and 
Cypress ponds are presented below. The age model for Blue Pond is a reliable, high 
quality model, while that for Cypress Pond was based on an insufficient number of dates 
and does not adequately constrain the sediments in time. Sediments at Cypress Pond 
revealed four distinct facies (A, B, C, and D) while sediments at Blue Pond yielded only 
one. Pollen results for both ponds were good, as most samples were productive and 
yielded 300 palynomorphs per sample. At Cypress Pond, many samples in sedimentary 
facies D were barren, which led to poor palynological coverage in that part of the core. 
Cypress Pond contained two distinctive pollen zones (P1 and P2) based on cluster 
analysis. Climate reconstructions using pollen spectra for both ponds appear to be good 
based on a comparative assessment of instrumental NOAA climate data with the 
reconstructions from the top 16 cm of material at Blue Pond. This yielded a root mean 




and 99 mm for annual precipitation. Climate modeling in facies D of Cypress Pond is low 
resolution because of the poor recovery of pollen in several samples. 
4.1. Age Models 
 Age models for both lakes were created in BACON (Blaauw and Christen 2011), 
using the five reliable Pb-210 dates (1 SD of 14 years or less) and leaf-based radiocarbon 
date for Blue Pond, and four radiocarbon dates for Cypress Pond (two from cypress wood 
and two from picked charcoal). For age models at Blue Pond, the deepest three Pb-210 
samples were excluded because their error was too great (Table 4). At Cypress Pond, the 
two cypress wood fragments show age inversion, so at least one of the fragments was not 
in-place (Table 3). For modeling, the older sample was reassigned a depth of 84.5 cm, 
Table 3. AMS Radiocarbon dates for Cypress Pond sediments. Sample name indicates 
core drive number (xL) and depth within that core drive. Age is expressed in calibrated 
radiocarbon years (years subsequent to 1950 are negative).  
 
Sample Total Depth Age, Cal. Radiocarbon 
Error   
(+/- 1 SD) 
CP-1L-29cm 50 2565.00 20.00 
CP-1L-51cm 72 1290.00 20.00 
CP-7L-1-7cm 305 8620.00 35.00 
CP-8L-42-44cm 392 9250.00 30.00 
 
Table 4.  Cosmogenic dates for Blue Pond sediments. Depths indicated in the sample 
name. Age is expressed in calibrated radiocarbon years (years subsequent to 1950 are 
negative). AMS – Accelerator Mass Spectrometry radiocarbon date. 
 
Sample  Age, Calibrated Radiocarbon 
Error          
(+/- 1 SD) Method 
BP-0-1cm -60.05 6.15 Pb-210 
BP-2-3cm -52.31 7.08 Pb-210 
BP-6-7cm -38.13 7.84 Pb-210 
BP-10-11cm -23.77 10.81 Pb-210 
BP-12-13cm -14.25 14.03 Pb-210 
BP-16-17cm 3.92 21.47 Pb-210 
BP-20-21cm 25.47 40.92 Pb-210 
BP-24-25cm 62.52 126.14 Pb-210 




which coincides with the rise in Cupressaceae pollen in the core and may correlate with 
the establishment of a stand of cypress trees at the location. The Blue Pond age model 
(Figure 3) is well constrained, and shows a single, monotonic slope that falls between two 
modes in the radiocarbon age. The actual age is most likely to be one or the other of the 
radiocarbon modes, c. 1880 AD or 1812 AD. The Cypress Pond age model is poorly 
constrained and it shows two periods of rapid sedimentation and two periods of lower 
sedimentation (Figure 4). 
4.2. Sediments 
At Cypress Pond, four distinct lithofacies were noted (Figures 5 and 6) along with 
a coring artifact consisting of a compacted mixture of sediments, called “gunge.”  
Transitions between facies were mostly gradational, with some facies changes taking 
 




   
Figure 4. Age model for Cypress Pond. 
only a few cm and others taking 20 cm or more. The top-most facies, A, is an 
incompetent layer of organic-rich mud, which is rich in cypress needles. Facies B is a 
competent, mottled mud which contains little to no sand and tends to have a relatively 
high organic matter content (5-13% and greater according to LOI 500 analysis). A 
heavily mottled mud with no sand, containing both hematite and vivianite comprises 
Facies C, which grades to Facies D over 10’s of cms. Facies C has a relatively low 
organic matter content (LOI 500 from 2-7%). As Facies C grades into Facies D sand 
begins to appear.  Facies D contains the most sand of the four facies. It also includes 




3%). Facies D is a mottled mud, with fabrics that are more distinct from each other than 
those of Facies B. The grain size distribution of the dark brown mottling at 343.5 cm 
(Figure 7) is skewed toward larger grain sizes in smear slides. This likely contributed to 
the visible differences in fabric between the two mottled muds, suggesting that the 
different colored muds were deposited under different flow regimes. Facies B, C, and D 
contain at least one clear burrow of cm scale (Figure 8), and a hard ground was identified 
at 90 cm and 330 cm. 
The only sedimentary facies observed at Blue Pond consists of massive, dark 
brown mud, with sand-sized quartz present in some depths, where the sand fraction 
comprises 1% or less by a visual estimate (Figure 9). Blue Pond has a high organic matter 
content, with LOI 500 ranging from 15-25%, and this organic matter includes charcoal at 
every depth studied, as well as leaf and aquatic plant fragments at most depths. 
4.3. Pollen 
The palynological analysis of Cypress and Blue ponds yielded results that are 
generally similar, as might be expected from the lakes’ proximity to each other and their 
similarity in topography, geology, and ecology. Because of the small amount of time 
covered at Blue Pond, no significant change in arboreal taxa occurs, while at Cypress 
Pond at least one major change in the pollen spectra is noted (Figures 10 and 11). Based 
on cluster analysis, two pollen zones are defined at Cypress Pond - P1 and P2 with the 
break between them occurring c. 250 cm depth (Figure 5). 
In Blue Pond and pollen zone P1 of Cypress Pond, Quercus is the dominant 
arboreal pollen, with Carya playing a minor but important role. At Cypress Pond, Salix is 
also a significant arboreal presence, while Pinus diploxylon is significant at Blue Pond. 
Minor arboreal taxa, such as Liquidambar, Ulmus, Betula, Juglans nigra, Fraxinus 
americana-type, were mostly common at the two sites.  
In pollen zone P2 at Cypress Pond, the dominant taxa varies between Quercus and 
Cupressaceae. Based on radiocarbon dates of cypress wood, cypress has been present at 
the site for at least 2500 years, which implies that the increase in abundance of 
Cupressaceae in the pollen record around 85 cm is likely related to the growth of cypress 




are similar to levels at Blue Pond; therefore, they likely represent the background level of 
red cedar and other non-cypress taxa in the area. The dominance of Cupressaceae at the 
bottom of the core is more enigmatic, and may be related to cypress or red cedar, as 
discussed below. 
Non-arboreal pollen at Blue Pond likely indicate human disturbance around 30cm 
core depth, where a spike in Ambrosia and the emergence of Zea mays occur, and a 
prolonged bloom of Peridinium dinoflagellates occurs from 40-70 cm depth (Figures 12 
and 13). At Cypress Pond, Cephalanthus has been an important taxon since c. 250 cm, 
while Poaceae and Cyperaceae show nearly contemporaneous rises in abundance at c. 
100 cm and 75 cm, respectively (Figure 14). Ambrosia shows peaks at c. 200-150 cm and 
30 cm-top of core, and Concentricytes is a significant presence in Facies C and D. Most  
 
Figure 5. Sediment and geochemical results for Cypress Pond. Relative abundance of 
sand is in percent and was estimated using visual figures; LOI (loss on ignition) 500 
reflects organic matter content in the core, while LOI 900 reflects the carbonate content, 
both are in percent; pollen concentration is presented in grains/g.  
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Figure 6. Representative images of sedimentary facies from the Cypress Pond cores. A. 
represents Facies B, a mottled mud, B. represents Facies D, a mottled mud with distinct 
clasts, C. represents Facies C, a heavily mottled mud, and D. represents the "gunge" 
(coring artifact, a compacted mix of sediments). Apparent varves in A are artifacts of 








aquatic taxa that rise to prominence begin around 125 cm and remain important into the 
present, including Myriophyllum, Nuphar varigatum, Botryococcus, Spirogyra, and 
Gloeotrichia (Figure 15). 
4.4. Climate Reconstructions 
Plots of instrumental climate data using five-year averages from the town of 
Marble Hill, Missouri are plotted alongside model-derived ages for Blue Pond and 
Cypress Pond, although it should be noted that the age models for Cypress Pond are 
much coarser because of the paucity of dates available for that set of cores (Figures 16 
and 4). To assess the actual performance of reconstructions at Blue Pond, RMSE values 
have been calculated using historical climate records for the year (Pb-210 year that 
corresponds to the "actual" year for a sample), and the median and mean of historical 
climate data in the period of time representing 1 standard deviation for each Pb-210 
sample; RMSEyear, RMSEmed, and RMSEavg, respectively (Tables 5 and 6). Climate 
reconstructions for most of the Holocene are also shown with the time scale represented 
by cm of sediment (Figures 17), based on the pollen counts for Cypress Pond. Two sets 
of climate reconstruction parameters were tested in this study - a set derived for the Rolla, 
Missouri lake study (Haselwander and Oboh-Ikuenobe, submitted), and the default values 
calculated by PAST (Appendix B).  
5. Discussion 
5.1. Age Models   
The age model (Figure 4) for Cypress Pond shows three different sedimentation 
rates: c. 300-400 cm recorded the highest rate, while c. 100-300 cm and c. 0-75 cm 
indicated a second, lower rate; the third, slowest rate was modeled from c. 75-100 cm.  
Table 5. RMSEmodel values for the climate reconstructions at Blue Pond. RMSE values 







Default 2.10 220.82 2.19 





Figure 7. Grain size distribution comparison between light and dark components in 
Facies D. Error bars after van Der Plas and Tobi (1965). Scale = 1 cm. 
 
Table 6. RMSE values for climate reconstructions compared to historical climate data at 
Blue Pond. RMSEyr was calculated by comparing data for the calendar year obtained 
from Pb-210 dating. For RMSEmed and RMSEavg, the error in Pb-210 dating was used as 
a range of years around the Pb-210 date and the average and median values of annual 
instrumental climate data for these periods were compared to the climate reconstructions 
to calculate RMSE. 
  Parameters RMSEyr RMSEmed RMSEavg 
July 
Temp. 
Default 1.64 0.54 0.14 
Rolla 1.73 0.58 0.18 
Precip. Default 237.63 99.03 67.35 
Rolla 247.92 103.80 72.19 
Jan. 
Temp. 
Default 2.58 1.98 1.79 
Rolla 2.58 1.98 1.79 
 
The uncharacteristically low sedimentation rate in the c. 75-100 cm interval occurred 
between the two dated cypress wood pieces, probably indicating that one or both of these 
dates were not placed correctly in the column. Unfortunately, since these are the best 
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in the age model should represent a large decrease in sedimentation rate, which 
hypothetically takes place between the depths of 140-240 cm (see section 5.2 The high 
rate of sedimentation in the bottom parts of the core occur within sediment Facies D, a 
time when the nearby Castor River played a greater role in sedimentation, and can 
theoretically be extended forward in time to c. 250 cm and backward in time to the 
bottom of the cored interval. It appears that the core covers most of the Holocene 
(corroborating pollen evidence, which matches the ages well to early Holocene as shown 
by Smith [1984] at Cupola Pond). 
At Blue Pond, the age is well constrained by the available dates; therefore, the 
question of whether or not this pond was formed during the New Madrid seismic events 
of 1811/1812 can be considered. Of the two most likely radiocarbon dates at this site, the 
Bayesian model in Figure 3 indicates that c. 1880 AD is more likely, placing its 
formation after the New Madrid events, possibly concurrent with the Charleston, South 
Carolina earthquake of 1886. However, the c. 1812 date aligns in a linear fashion with the 
Pb-210 dates, and suggest a constant sedimentation rate. While it is difficult to estimate 
whether the sedimentation rate remained constant or decreased slightly, there are several 
complicating factors affecting sedimentation in the recent past, such as small increases in 
historical annual precipitation, sediment compaction, and the activity of fauna in the pond 
(a beaver dam was noted during coring). The historical record of the region indicates that 
timber was heavily harvested from the region c. 1877 - 1903, and a karst collapse of this 
magnitude during timber harvest would have been recorded (Hahn 1977). If the karst 
collapse that created Blue Pond indeed occurred at that time, it is likely that rumors about 
its formation during the New Madrid event would have been dispelled, thereby lending 
historical validity to the idea of a timing at c. 1812. Hence, the hypothesis that Blue Pond 
was formed as a karst collapse during the New Madrid seismic event can neither be 
confirmed nor rejected scientifically.  
5.2. Sediments 
In the present day, Cypress Pond lake level varies as a function of seasonal and 
annual rainfall, and the sedimentary input is best described as bimodal, with pelagic 





Figure 8. Sedimentary structures in Cypress Pond cores. A is representative of structures 
interpreted to be burrows found in Facies B, C, and D of the cored sediments. B and C 
both are interpreted to represent nonconformities in deposition; B is likely a hardground 
and has apparently been deformed, though it is not possible to say whether this occurred 
in-situ, during coring, or as a result of dewatering. C clearly presents two non-
conformable surfaces which appear to be erosive in nature and separate three different 







River bringing coarser sediments episodically. Lake-center experiences periodic 
nondeposition during drought and pelagic sedimentation. Cypress Pond sediments are cut 
by the burrows of larger organisms, such as Orconectes, in most facies, and the sediments 
are mottled, presumably at least in part because of bioturbation (Hasiotis et al., 2007, 
Fiorillo et al., 2016). Since there are also sediments representing multiple flow regimes in 
single stratigraphic positions (Figure 7), bioturbation appeared to play a significant role  
 
Figure 9. Sediment and geochemical results for Blue Pond. Relative abundance of sand is 
in percent and was estimated using visual figures; LOI (loss on ignition) 500 reflects 
organic matter content in the core, while LOI 900 reflects the carbonate content, both are 
in percent. Pollen influx is presented in grains/g. 
in reworking sediments. The presence of hardgrounds is evidence of complete drying out 
of the pond. Soft sediment deformation (load casts) could be related to past movement on 
the New Madrid fault, which is only 50 miles away. Flooding due to the meandering of 
the Castor River is the most probable explanation for the increase in sand down core. An 
additional factor that probably played an important role is gleyzation (reducing 
conditions) due to the activity of microbes within the sediments. The mottled appearance 


















of Cypress Pond sediments in most facies also bear some resemblance to gleysols, which 
are known to alter sediments to gray color, as in Facies C, and mottled brown and gray, 
as in Facies B and D (Schaetzl and Thompson 2015).  
Facies A, B, and C represented a period when the river had less influence on 
Cypress Pond. Facies A is effectively the zone of accumulation, where organic and 
mineral matter accumulated in the very recent past and are presently accumulating. 
Because this zone is incompetent, it was not possible to study it in the cored section; it is 
a short section that grades quickly into Facies B.  
Facies C sediments were heavily mottled and had a gleysol-like character, with a 
highly reduced, grey color and obvious oxidation which occurred around the edges of the 
core post-coring (Figure 6c). The burrowing of macroscopic organisms and the activity of 
microorganisms appeared to be the dominant processes in most of the facies. Gray colors 
in gleysols are interpreted as an indicator of continuous saturation (Schaetzl and 
Thompson 2015), hence it is implied that Facies C represents a period of continuous 
saturation. Gleyzation is also supported by the presence of hematite nodules and 
vivianite. Vivianite is indicative of waste from water fowl (e.g. migrating Canadian 
geese, Francine McCarthy, Pers. Comm. 2012). The prominence of certain pollen 
(Cephalanthus and Sagittaria) indicate the probable dominance of swampy or wetland 
conditions (Figures 14 and 15).  
Facies B and D were moderately mottled and comprised the bulk of sediments 
from this set of cores at Cypress Pond. In Facies D (Figure 7), some of the mottled 
character was caused by the mixing of sediments deposited under different flow regimes, 
which was likely also the case in Facies B. The reducing activity of microbes in these 
facies also contributed to the mottled appearance, apparently playing a greater role in 
Facies B than Facies D. In Facies D there were visible traces of mixing of fine and coarse 
sediments in the same horizon, probably indicating the importance of river-mediated 
sediments and bioturbation, although the presence of hematite nodules clearly indicated 
that reducing conditions were also present. For illustration on intermixing in Facies B, 
consider Figure 8a. A burrow descended from 24 to 29 cm, and the creature apparently 




small cypress roots grew through the top part of the burrow (c. 25 cm). Following this, 
microbes decomposed organic matter, thereby creating reducing conditions around those 
roots and left the area gray/white. Gleyzation of the sediments helped to accentuate the 
burrow, and probably occurred here because the burrow had established preferential flow 
paths. More nuanced understanding of environments represented by Facies B and D is 
provided by pollen data (Section 5.3). 
In Blue Pond, sedimentation at the core site occurred exclusively in the pelagic 
realm, and the pond experienced seasonal stratification in the water column. This 
stratification likely created an anoxic bottom water, which slowed degradation of organic 
matter, leading to the much higher percentage of organic matter (12-25% LOI 500 in 
Blue Pond vs. 2-14% in Cypress Pond). Visual observation did not detect seasonal 
varves; x-ray of the core would have been helpful for detecting varves, but were not 
obtained. Due to the small size of the pond, the minor quantity of sand and silt (1% and 
less) likely deposited during times of high runoff. In comparing the core from Blue Pond 
with the cored intervals at Cypress Pond, it should be noted that a small increase in the 
abundance of sand (from ~1% to 5%) in the lakes indicated a major difference in 
depositional environments. 
5.3. Pollen  
The pollen data for Blue Pond clearly shows a temperate Oak (Quercus) forest 
with an average rainfall that can sustain water-loving species like Carya, Betula, and 
Salix (Figure 11). Based on the dominance of Ambrosia in the non-arboreal pollen sums, 
major disturbance events likely occurred at core depths 24-32 cm, 72 cm, and 88 cm 
(Figure 12). The presence of Zea mays from 0-24 cm in the core indicates that corn has 
been cultivated near the site since c. 1960; corn fields near the site were observed during 
coring (Figure 12). The pollen spectra provide a good baseline for interpreting results 
from Cypress Pond. 
At Cypress Pond, the delineated pollen zones P1 and P2 were created using the 
cluster analysis for arboreal pollen, thus reflecting regional changes (Traverse 2007). P1 
pollen spectra appear to represent a temperate Oak forest, while P2 indicates a floodplain 





Figure 10. Arboreal pollen taxa for Cypress Pond. Data presented as a percent of arboreal 
pollen taxa. Dots indicate presence/absence. Cluster analysis was performed in Tilia. 
 
clusters (Figure 10) where fluctuations in arboreal pollen spectra correlate with variations 
in reconstructed climate parameters, especially summer temperature. Although using the 
climate reconstruction from this study is self-referential, it appears that summer 
temperature is the most reliable reconstructed climate parameter in pollen-based 
reconstructions (see Paper II, sec. 4.3; Donders et al., 2014), and as this parameter shows 
the most sensitivity in this study, concluding that variations in climate are driving the 
pollen spectra changes in P1 is justified. Changes in P2 also appear to be related to 
climate especially since such glacial indicators as Picea and Abies begin to appear, which 
is in agreement with other studies (e.g. Smith 1984). However, the small number of 
productive pollen samples in this interval prevents a more detailed evaluation. 
It is noteworthy that Quercus at Cypress Pond has a much lower relative 
abundance in comparison with Cupola Pond (Smith 1984), possibly due to spatial 
differences in climate and arboreal vegetation composition. The rise of Cupressaceae in 
P1 around 84 cm core depth may be related to the proliferation of cypress trees due to an 
increase in January temperature. Swamp-to-pond-like conditions were well established 
long before that depth. Myriophyllum, Nuphar variegatum, and other aquatics definitely 
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wetland almost immediately after the influence of the Castor River decreases c. 250 cm 
(Figure 14), making it unlikely that a change in such water table conditions was the 
enabling factor (Burns and Honkala 1990).  
The dominance of Cupressaceae at the bottom of the core is more enigmatic. 
Since it was near the current northern limit, one might expect cypress trees to die off 
locally during glacial conditions and return later. Although preferring warm climates, 
cypress has been noted for its ability to survive in colder conditions, and southern 
Missouri has previously been suggested as a refugiuum for some temperate deciduous 
taxa. It is possible that cypress managed to "winter" through the Wisconsinian around 
Cypress Pond (Smith 1984), in which case it could have been an important local taxon 
during the dominance of Cupressaceae in pollen zone P2 at Cypress Pond. This would 
suggest warmer winter conditions in that part of the interval as the climate 
reconstructions in this study indicate. An alternative interpretation for the dominance of 
Cupressaceae in the pollen zone P2 interval is that other taxa such as red cedar became 
locally abundant as a response to disturbance, possibly mediated by possible increase in 
fire frequency or similar factors. Alongside the increase in Cupressaceae in P2 is a 
concomitant increase in Populus and Salix, presumably Populus deltoides and Salix 
 
Figure 11. Arboreal pollen taxa for Blue Pond. Data presented as a percent of arboreal 




































































































































































Figure 12. Non-arboreal pollen at Blue Pond. Values are presented as a percent of non-




Figure 13. Aquatic plant and algal taxa results for Blue Pond. Values are presented as 


















































































































































































































































































































































nigra, which prefer floodplains and riverfronts (Tesky 1992, Taylor 2001). This is in 
agreement with the sediment results on the influence and near proximity of the river in 
this period and helps to better define the environment in Facies D and also supports the 
idea that the Cupressaceae increase in this interval was related to cypress. 
In addition, the palynomorph Concentricytes, which is believed to represent an alga and 
has been found associated with wetlands, shows a preference for the floodplain of Facies 
D and wetland/swamp conditions of Facies C (Li et al. 2006). 
5.4. Climate Reconstructions  
Two different sets of model parameters, namely default values calculated by 
PAST and optimal values previously experimentally derived for the Rolla, Missouri area, 
~225 km northwest of the study site, were used for climate reconstruction. In every case, 
the values provided by the PAST Software performed as good or better reconstructions 
than the Rolla parameters; therefore, the software-provided values were used for 
modeling. Results in RMSE (Tables 5 and 6) show that the reconstructions for Blue Pond 
significantly outperform the RMSEmodel, with the best results obtained from the 
RMSEavg, although both RMSEavg and RMSEmed outperform the RMSEyear. RMSEyear 
performed about the same as the RMSEmodel. The simplest explanation for the 
improvement of RMSEavg and RMSEmed over RMSEyear is that the Pb-210 calendar year 
does not match perfectly with the year of the historical climate data taken from NOAA. 
This could arise from a small misalignment in months, where historical data and Pb-210 
date fall in the same year but are offset by some number of months, or an offset of years, 
as the smallest Pb-210 standard deviation in this study was 6.15 years. The average and 
median values amalgamate a number of years, thus providing a larger target in terms of 
sediment dating, which helps the model get closer to the proper value, but at the cost of 
decreased time resolution. Although the RMSEavg shows better results than the 
RMSEmed, the median RMSE is a better estimator of actual error in this study because it 
is less prone to skewing - this factor takes on additional importance because the Marble 


























Figure 14. Non-arboreal pollen at Cypress Pond. Values are presented as a percent of 
non-arboreal pollen taxa. Taxa with dots indicate presence/absence, which was used only 


























































































































































































































Figure 15. Aquatic plant and algal taxa results for Cypress Pond. Values are presented as 
actual counts of individual pollen/spore/alga. 
The challenge of temporal matching is exacerbated in most lake studies by the 
sampling method, which uses small, discreet samples at pre-defined intervals (with good 
reason, as many other studies are often made on the sediments). Also, the cost and 
difficulty of securing good samples for cosmogenic dating often leaves large spaces 
between dates. Hence, with the apparent outlier in January temperature in Blue Pond 
(Figure 16 - 47-48 cm, ~50 cal BP), it is practically impossible to determine the cause of 
this apparently extreme value. Does the value represent a failure of the model, a temporal 
mismatch where the sample depth has not been properly aligned with time, or an actual  
temperature extreme that is hidden by the averaging of instrumental data displayed in the 
graph? 1907 is a possible date match for this reconstructed value that has an extremely 
warm January temperature (5°C), but there is too much uncertainty to unequivocally state 
that the 47-48 cm Blue Pond sample aligns with this. Perhaps a much higher pollen 
sampling resolution would allow a curve matching using dozens of samples to compare 
with the instrumental record; however, that method would be very time consuming. 
At Cypress Pond there appears to be a strong flattening of the climate 
reconstructions in the historical period. This could be due to limitations of the model, or a 





















































































































Figure 16. Five year climate averages for Marble Hill (blue), and climate reconstructions 
for Blue Pond (green) and Cypress Pond (red), c. 1900-2015. The y-axis is time, which is 
presented in calibrated radiocarbon years (1950 A.D. is zero; years after 1950 A.D. are 
negative (i.e. 1960 A.D. = -10 Cal B.P.) and years before 1950 A.D. are positive). 
Temperatures (January and July) are in °C and precipitation is in mm. 
signal. Accuracy of the data is expected to fall within the RMSEmed calculated for Blue 
Pond, which is approximately ±0.5°C in July average temperature, ±2.0°C in January 
average temperature, and ±100 mm annual precipitation. Considering the magnitude of 
changes observed downcore, it is plausible that the cause is related to bioturbation 
(Figure 17). Hence, climate reconstructions from Cypress Pond represent longer term 































Figure 17. Climate reconstructions for Cypress Pond. Temperatures are in °C and 
precipitation is in mm. Because of the poor resolution of cosmogenic dates, results are 
presented as a function of depth rather than time. 
should be noted that the pollen data for the lower half of the core is sparse because of 
design constraints and paucity in pollen in the sediments. 
Considering the differences between Blue Pond and Cypress Pond, as well as the 
relatively large spread in historical climate recorded in the last century (69 to 119 cm 
precipation, 21.4 to 29.8°C July temp, and -7 to 6.5°C January temp), the natural question 
is, what is an ideal sample interval for climate reconstructions? For Cypress Pond, denser 
data in the lower half of the core would clearly be advantageous; however, it appears that 
the upper half of the core is adequately covered, in which case a 16 cm sampling interval 
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averaging" at Cypress Pond makes a higher resolution unnecessary, whereas at Blue 
Pond, it appears that pollen samples (and therefore climate reconstructions) represent 
shorter time periods. In terms of calibrating climate models and evaluating their quality, 
perhaps the best approach would be to sample the historical period at very high 
resolutions (1 sample every 3 cm or better) to allow for temporal calibration to evaluate 
the model. 
6. Conclusions and Future Work 
The historical claim is that Blue Pond formed during the New Madrid quake of 
1811/1812, whereas scientific results indicate that it formed c. 1812 or ~ 60 years later c. 
1880. Based on historical records of human activity in the region, it appears unlikely that 
the rumor of the pond forming c. 1812 would have persisted if it indeed formed c. 1880. 
Therefore, Blue Pond probably formed as a result of the New Madrid seismic events of 
1811/1812. 
Facies and pollen zone changes at Cypress Pond are in agreement. They reflect 
changes in the depositional environment, which transitioned from a floodplain/rivers 
edge environment (Facies D, pollen zone P2) to a wetland/swamp that experienced 
diminished influence from the river (Facies C, pollen zone P1), to a standing pond 
(Facies B and pollen zone P1 c. 125 cm) that experienced periodical drying, but not 
desiccation. This location probably served as a refugiuum for cypress during the last 
glacial maximum. Three major factors apparently affected the sedimentation and 
alteration of the sediments: the influence of the nearby Castor River, the burrowing 
activity of macroscopic organisms, and the redox-based activity of microorganisms.  
Small changes in the relative abundance of sand had significant implications for 
depositional environments in this study. Lake conditions coincided with a 1% or less 
abundance of sand and floodplain conditions correlated with 4-6% of sand. 
Climate reconstructions at Blue Pond illustrate the difficulty of matching 
sediments with the historical record to allow for calibration of the climate 
reconstructions. Higher resolution pollen samples might help this. At Cypress Pond, 
reconstructions show a flattening in the historical period, which is believed to be related 




reconstruct time averaged climate values than the extremes that occur in a short period; 
hence, changes in climate shown by reconstructions from Cypress Pond represent long-
term trends. Reconstructions for pollen zone P2 are sparse due to poor recovery of pollen 
and lower resolution sampling in the section. Higher resolution sampling and study of the 
second set of cores (available for further study), which achieved a core depth nearly 3 m 
deeper than the core evaluated here, have the potential to enhance our understanding of 
climate changes in the early Holocene. Future studies of the Cypress Pond cores should 
consider x-rays of core sections. 
Acknowledgements 
We would like to acknowledge the many people who made this study possible: 
Eric Grimm (provided coring equipment and led the coring team), Pietra Mueller 
(assistance with palynological processing), Xiaozhong Huang, Varun Paul, Justin Levy, 
Adam Barron, Buzz Nanavati, Travis Pohl, John Schliem, Qiming Wang (assistance with 
coring), the personnel at LacCore for their expertise, and landowners for generously 
allowing us to investigate their ponds (John Hovis, Cypress Pond; Missouri Department 
of Conservation, Blue Pond). 
Funding 
 Funding was provided by the University of Missouri Research Board Grant to Dr. 





Appendix A: Grimm-Mueller Palynology Processing Method  
Suggested for unconsolidated lake sediments 
*DANGER* many of the acids used in this procedure are highly concentrated and 
corrosive – they must be used in a fume hood. HF in particular can be deadly if a 
quantity about the size of a shot is spilled on skin – even a drop of it can be highly 
painful or debilitating. When undertaking the HF part of this procedure, be sure to 
wear a full lab outfit (a plastic, hazmat style suite is advisable), thick gloves over at 
least one layer of latex or Nitrile gloves, and a facemask. HF MUST be poured 
ONLY in a fume hood. HF should NEVER be placed in or stored in a glass 
container, as it will react with the glass – this includes glass stirring rods. Dispose of 
HF waste properly – either by passing it on to proper authorities, or by neutralizing it. 
1. Take a volumetric sample of the sediment (1/2 cc – 1 cc suggested; more for low 
yield) 
2. Place sampled sediment in a plastic beaker – disaggregate with a few mL of DIW 
3. Add spikes (microspheres are preferable, as Lycopodium or other exotic spikes 
can mask a real signature) 
4. Add 10% HCl (may add concentrated HCl to disaggregated sample, then fill with 
DIW, or spin sample, decant water, then add 10%; DON’T add 10% HCl to water 
saturated sample as this will dilute the HCl) 
5. Wash out HCl at least 2 times – (“washing” in the remainder of this document 
means adding some DIW to the sample, disaggregating the sediment with a 
stirring rod, filling the remainder of the test tube volume with DIW, then placing 
the sample in a centrifuge to remove the sediment from the water. Once the 
sample has been separated from the water by the centrifuge, decant the water off) 
6. Add 10% KOH to decanted sample; put sample in warm water bath (~180° F) for 
10 minutes 
7. Wash out KOH with DIW 3 – 5 times – be careful when decanting; don’t pour out 
sediment. 
8. “Gooch” – place a filter crucible (a "Gooch" in some vernacular usages) on top of 




sample in ~10 mL of DIW, then pour slurry into the Gooch. Rinse the beaker into 
the Gooch until clean. Use the stirring rod to break up material in the Gooch if 
necessary. Set the Gooch aside to evaluate the material trapped in it. Use your 
stirring rod to stir the material in your beaker, then quickly decant your liquid into 
your 50 mL test tube. Be careful during decanting – the point of this decant is to 
remove sand and silt size quartz and other mineral grains, so you don’t want to 
pour those mineral grains into your test tube. Rinse the beaker and decant it into 
your test tube again. Repeat if necessary – if necessary you can always get 
another 50 mL test tube for the extra water, and recombine the sample material 
after centrifuging.  
9. Continue rinsing your sample – we are now trying to remove all the humic acids, 
so continue washing until your sample is clear. This may take dozens of washes. 
10. Sieving – 10, 8, or 7 µm Nitex filters are appropriate – 8 is preferred, but any size 
in the range of 7 – 10 will work. Pour your sample into a Nitex filter apparatus 
(homemade filters can be made to hold the Nitex using various materials, i.e. 2 
Nalgene beakers with cuts made to remove the bottoms and allow the beakers to 
nest, thus securing the screen, or a Tupperware sippy cup with the bottom cut out, 
inverted with the lid cut so that a rim is all that is functionally left ). Rinse the 50 
mL beaker with a small quantity of water to be sure all the sample is removed, 
and pour it into your filter apparatus. Add a diluted soap solution to help break 
clays apart. Use paper towels to gently rub on the underside of the filter apparatus 
– this will agitate the fine sized materials and draw water through the sieve. Add 
DIW to the apparatus as necessary. Continue rubbing with paper towel until the 
water coming out onto the paper towel is clear. Use DIW to rinse sample from the 
sieve apparatus into a medium beaker – it’s probably easiest to gently disassemble 
the apparatus and rinse the filter into the beaker, then rinse the inside of the 
apparatus into the beaker. Pour sample from the beaker back into your 50 mL test 
tube – if you have too much fluid, you can always pour the excess into another 




11. HF – add a few drops of 10% HCl to the decanted sample, then add ~25 mL of 
49% HF. Please see the warnings about HF at the top of this document. Put the 
sample in a warm water bath (~180° F) for 1 hour, stirring every 10 minutes – it is 
best to simply leave the stirring rod in the beaker. Depending on the sample, many 
samples will need to be re-HFed. To try to avoid this, you might consider leaving 
the sample in the hot water bath for 2 hours instead of 1. 
12. HF Rinse – remove the sample from the hot water bath – place it in an appropriate 
holder. Fill the remaining space in the test tube up to ~2/3 full with absolute 
alcohol, then wash the sample. Decant ONLY into an appropriate waste 
container. Now, add 5 mL of HCl (70% lab grade is advisable) and place the 
sample back in the hot water bath for 1 minute. Remove the sample from the bath, 
fill the test tube with DIW, then wash it. Be sure to dispose of the water in your 
HF waste container. Wash 3 more times with DIW. 
13. Transfer the sample to a 12 mL test tube. 
14. Scritch test – use a glass stirring rod and gently rub it around on the bottom of the 
test tube – listen and feel for the “scritching” of the glass rod on mineral 
fragments. If the sample is really “scritchy” repeat step 11 for 3 hours (be sure to 
transfer back to plastic test tubes). If sample is okay, continue to 15. 
15. Acetolysis: 
a. After washing and decanting the sample, add 5 mL of glacial acetic acid; 
centrifuge and pour this out 
b. Add 7 mL of acetic anhydride to the sample – you want to be fast with this 
step, so if you are doing multiple samples, limit yourself to 4 for this 
c. Add 0.5 mL of sulfuric acid on top of your 7 mL of acetic anh. – place the 
test tube in a hot water bath for 1 minute exactly – stir throughout the 
minute 
d. Quickly remove the sample – add 5 mL of glacial acetic acid to the test 
tube, then centrifuge and decant 
e. Wash the sample with glacial acetic acid instead of DIW 




16. Dehydration: place TBA (tert-butanol) container in warm water to melt 
a. Wash the sample with TBA two times – this will dehydrate it 
b. Use ~2 mL of TBA in the bottom of the test tube to agitate the residuum – 
pour it into your storage vial; rinse the test tube 1 or 2 times with TBA and 
pour that into the storage vial as well. 
c. Centrifuge the storage vial – decant as much TBA as possible (be sure to 
not lose any sample!) 
d. Add silicon oil (several drops) and stir the oil and TBA – place in an oven 
at about 100°F for several hours to evaporate TBA. Once clear of TBA, 
add silicon oil until the sample has the right concentration of organic 
matter. It is best to check the sample after adding only a little silicon oil, 




Appendix B: Model Parameters used for Modern Analogue Technique 
Reconstructions 
Table B.1. Modeling parameters for Modern Analog Technique (MAT) climate 
reconstructions, include  the number of analogues used for the reconstruction ("n"); cutoff 
value for similarity match ("T"); and the number of sites used reconstruction, full set and 
subset from Whitmore et al. (2005). 
 
    Model Parameters 
  Model N Dist. Thres. # Sites 
Jan. 
Temp. 
Rolla 5 0.3570 664 
Default 5 0.3626 664 
July 
Temp. 
Rolla 5 0.3000 4.5k 
Default 5 0.4254 4.5k 
Precip. 
Rolla 4 0.4238 4.5k 





Appendix C: Common Taxa Names 
Table C.1. Common names for select plant taxa. 
 
  Common name   Common name 
Abies Fir Iva xanthifolia Sunflower 
Acer Maple Juglans Walnut 
Alnus Alder Larix Larch 
Ambrosia-type Ragweed Liquidambar Sweetgum 
Artemisia-type Mugworts Morus Mulberry 
Asteroideae Daisy subfamily Myriophyllum Watermilfoil 
Betula Birch Nuphar variegatum Water-lily 
Brasenia schreberi Water-shield Nyssa Tupelo gum 
Brassicaceae Mustards Ostrya/Carpinus Hopbeam/Hornbeam 
Carya Hickory Persicaria Knotweed 
Castanea Chestnut Picea Spruce 
Ceanothus California lilac Pinus Pine 
Celtis Hackberry Plantago Plantain/fleaworts 
Cephalanthus Buttonbush Platanus Sycamore 
Chamaedaphne 
calyculata Leatherleaf Poaceae Grass 
Chenopodiaceae Goosefoot Populus Cottonwood 
Cornus Dogwood Quercus Oak 
Corylus Hazel Ranunculus Buttercup 
Cupressaceae Cypress family Ribes Currant 
Cyperaceae Sedge family Rosaceae Rose 
Dalea purpurea Prairie clover Sagittaria Duck potato 
Ephedra Mormon tea Salix Willow 
Equisetum Horsetail Sambucus Elder 
Fabaceae Legume family Sarcobatus Greaseweed 
Fagus Beech Saxifraga Rockfoils 
Fraxinus Ash Sparganium Bur-reed 
Galium Bedstraw Ulmus Elm 
Heteranthera Water hyacinth Urtica Nettles 
Humulus Hops Vitis Grape 
Iris Iris Xanthium-type Cocklebur 





Appendix D: Palynomorph Counts for Cypress Pond and Blue Pond 
 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CPSC_0-1cm 4 18 39 18 153
CPSC_7-8cm 12 15 22 14 133
CPSC_16-17cm 8 14 42 15 136
CP 1L_0-1cm 19 12 53 23 35
CPSC_23-24cm 3 4 40 11 152
CP 1L_7-8cm 29 11 52 13 31
CP 1L_15-16cm 26 23 70 19 32
CP 1L_23-24cm 31 43 84 18 26
CP 1L_31-32cm 2 23 39 9 17
CP 1L_47-48cm 12 4 35 16 21
CP 2L_7-8cm 23 9 28 25 21
CP 2L_23-24cm 0 4 14 16 12
CP 3L_2-3cm 7 7 23 19 28
CP 3L_18-19cm 3 11 9 30 88
CP 3L_34-35cm 0 12 34 40 171
CP 4L_12-13cm 1 16 18 28 406
CP 4L_28-29cm 3 7 64 71 187
CP 4L_44-45cm 0 16 65 37 582
CP 5L_7-8cm 0 38 14 12 524
CP 5L_23-24cm 0 21 42 40 1064
CP 5L_39-40cm 0 66 115 29 844
CP 6L_26-27cm 1 217 97 17 3289
CP 7L_12-13cm 0 1 0 0 -
CP 7L_44-45cm 0 370 165 15 2794
CP 8L_28-29cm 0 0 0 0 -
CP 9L_13-14cm 0 90 187 8 1774
CP 9L_45-46cm 0 1 0 0 -
CP 10L_29-30cm 0 1 0 0 -
CP 11L_14-15cm 1 123 146 1 3327




Table D.2a. Palynomorph counts for Blue Pond. 
 
  
Blue Pond Sample 0-1cm 7-8cm 15-16cm 23-24cm 31-32cm 39-40cm 47-48cm 55-56cm 63-64cm 71-72cm 79-80cm 87-88cm
Acer rubrum 0 0 0 0 1 3 1 0 1 1 0 0
Acer saccharinum 0 1 0 0 1 0 0 0 0 0 1 0
Acer saccharum 2 0 1 0 0 0 1 1 0 0 0 0
Alnus serrulata -type 3 16 5 4 4 6 2 2 1 3 0 6
Celtis cf. occidentalis 1 1 0 0 0 1 0 0 0 2 0 0
Cornus 0 1 3 1 0 4 1 0 2 0 0 1
Fagus 0 1 0 1 0 0 0 0 0 0 0 0
Fraxinus americana 1 3 2 1 2 3 5 2 2 4 2 4
Juglans cinera 0 1 0 0 1 0 3 2 0 1 1 0
Juglans nigra 5 3 6 1 1 2 0 2 0 2 1 1
Larix 0 5 3 0 0 2 4 0 3 1 5 0
Liquidambar 6 6 8 13 16 8 7 18 6 14 20 17
Ostrya/Carpinus 0 2 1 2 1 1 1 0 0 0 2 0
Pinus  diploxylon 18 22 28 19 22 44 79 5 30 52 49 39
Populus 0 0 1 0 0 0 0 0 0 0 0 0
Quercus 150 119 130 151 155 125 98 186 109 149 152 136
Sambucus nigra 0 0 1 0 0 0 0 1 1 0 0 0
Tilia 0 0 0 0 0 0 1 1 0 0 0 0
Tsuga 0 0 0 0 0 0 0 0 1 0 0 0
Ulmus 5 6 8 8 17 5 5 18 2 4 3 12
Betula 1 2 1 1 3 2 2 3 0 1 1 2
Carya 45 43 44 48 29 44 59 46 38 54 53 54
Cupressaceae 16 16 8 6 12 18 7 9 6 9 5 4
Nyssa 1 4 2 3 1 0 1 4 1 1 0 1
Platanus occidentalis 0 1 0 2 0 1 2 0 1 0 0 0
Salix 2 0 1 1 0 1 0 0 0 0 1 2
Cephalanthus 1 0 2 0 0 1 0 1 0 0 1 1
Corylus americana 1 1 1 0 0 1 1 1 0 0 0 0
Cyperaceae 2 2 1 0 0 3 0 1 1 0 2 0
Humulus 0 2 0 0 0 0 1 1 0 0 0 0
Ilex 0 0 0 0 0 0 0 0 1 0 0 0
Kalmia polifolia 0 0 0 0 0 0 0 0 0 0 0 1
Labiatae 0 0 0 0 0 0 1 0 0 0 0 0
Parnassia 0 1 1 1 0 0 0 0 0 0 0 0
Persicaria lapathifolia -type 0 1 1 1 0 0 0 0 0 0 0 0
Petalostemum purpureum 0 0 1 0 0 1 0 1 0 0 0 0
Sanguinaria canadensis 0 0 0 0 0 0 0 1 0 0 0 0
Shepherdia 0 0 0 0 0 0 0 0 1 0 0 0
Sium suave 0 0 0 0 1 0 0 0 0 0 0 0
Chenopodiaceae 1 2 2 0 1 1 0 0 0 0 0 0
Sarcobatus 0 0 0 0 0 0 0 0 0 1 0 0
Urtica dioicia 0 0 0 0 0 1 1 0 2 0 0 0
Vitis 2 0 0 0 0 0 2 0 0 0 1 0
Poaceae 9 5 2 1 3 3 4 1 0 1 2 1




Table D.2b. Palynomorph counts for Blue Pond (cont.). 
 
Blue Pond Sample 0-1cm 7-8cm 15-16cm 23-24cm 31-32cm 39-40cm 47-48cm 55-56cm 63-64cm 71-72cm 79-80cm 87-88cm
Ambrosia -type 15 18 19 25 26 11 4 4 3 3 2 10
Artemisia -type 0 2 0 0 1 0 0 0 0 0 0 0
Asteroidea undif. 1 2 1 2 0 0 0 1 0 0 1 0
Iva xanthifolia 5 4 6 1 4 2 0 0 0 0 0 1
Chicorium 0 1 0 0 0 0 0 0 0 0 0 1
Chlamydospore 3 0 1 1 0 3 6 0 4 1 0 1
Cystopteris 6 3 4 0 1 4 3 1 0 0 0 1
Dennstaedtia 0 1 1 0 0 0 0 0 0 0 0 0
Dryopteris 0 0 1 2 0 1 2 0 6 0 0 0
Osmunda 0 0 1 0 1 0 0 0 1 0 0 0
Pteridium 1 0 0 0 0 0 0 0 0 0 0 0
Brasenia schreberi 2 0 1 4 2 2 1 0 0 0 0 5
Equiseteum 0 0 0 0 0 0 1 0 1 0 0 0
Myriophyllum aquaticum 1 0 0 1 1 0 0 0 0 0 0 0
Nuphar variegatum 4 0 3 4 1 3 3 0 1 0 7 3
Nymphaea 0 0 0 0 0 0 0 0 1 0 0 0
Potamogeton 0 0 0 0 0 0 0 1 0 0 0 0
Sagittaria 1 2 2 1 0 1 0 0 2 0 0 1
Typha 0 0 0 0 0 0 0 0 1 0 0 0
Pediastrum simplex 0 0 1 0 0 0 0 0 0 0 0 0
P. boryanum v. cornutum 0 0 0 0 0 1 0 0 0 0 0 0
P. boryanum v. boryanum 0 0 0 0 0 1 0 0 0 0 0 0
P. boryanum v. brevicorne 0 0 0 0 0 2 0 0 3 1 0 0
Peridinium 0 4 5 0 2 93 175 55 52 105 0 6
Botryococcus 0 2 1 1 4 2 22 4 2 7 0 0
Desmid zygospore 0 0 0 0 0 2 0 0 1 0 0 0
Staurodesmus 0 1 0 0 0 0 0 0 0 0 0 0
Spirogyra  zygospores 0 0 0 0 0 0 0 0 0 1 0 0
Gloeotrichia 0 0 0 0 0 0 0 0 2 0 0 0
Thecate amoeaba 0 1 1 0 0 2 2 0 3 0 0 0
Fungals 134 165 251 150 71 186 156 33 296 71 88 76
Folded/Covered Pollen 86 70 42 41 30 54 51 58 51 39 58 31
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 2. CONCLUSIONS 
 Overall, the work performed in these studies indicate that an improvement in 
paleoclimate reconstructions requires an improved understanding of the systems that 
affect the paleontological record. That data includes the preservation potential of algae, 
the effects of humans on vegetation and therefore on the pollen spectra and climate 
reconstructions based on them, the accuracy of climate reconstructions in reproducing 
instrumental climate measures, and an increase in the number of long-term datasets that 
can be used for climate reconstruction in regions that are sparsely covered.  
 In the area of algal studies, this study demonstrated that environmental stability 
and change could be inferred from the algal assemblage, even in the absence of other 
data. Further, it supported previous work that indicated the resilience of some algae 
(Pediastrum integrum, P. boryanum var. pseudoglabrum, P. simplex var. pseudoglabrum) 
and the fragility of others (Ceratium hirundinella). Some algae appeared to preserve 
poorly (Scenedesmus, Sphaerocystis, Anabaena), while other algae appeared to preserve 
well (Peridenium willeii, Staurastrum, Botryococcus), however more study is necessary 
to draw conclusions with certainty.  
 Climate reconstructions in this study indicated a good quality reconstruction for 
July average temperatures (root mean square error [RMSE] 0.54°C to 1.2°C, at Blue 
Pond and Frisco Lake, respectively), while January average temperatures (RMSE of 
1.3°C to 3.4°C, Pine Forest and Frisco lakes, respectively) and annual precipitation 
(RMSE of 9.84cm to 15.53cm, at Frisco and Bray Area lakes, respectively) demonstrated 
larger errors. The inclusion of Asteraceae in climate reconstruction datasets in the Rolla 
lakes study led to an increase in error of up to 20%. Frisco Lake, the study site which has 
undergone the greatest anthropogenic impact, is notably the site the with the highest error 
in temperature reconstructions, although somewhat paradoxically, it also shows the 
lowest error of any site in this study for annual precipitation reconstructions. Climate 
reconstructions at Blue Pond indicate that it may be difficult to match climate 
reconstructions with the historical instrumental record, and it may be necessary to use a 




 Climate reconstructions at Cypress Pond reconstruct climate signals for January 
and July average temperatures and annual precipitation at the site for the last 9000+ YBP, 
however the low resolution in the bottom of the core hampers the utility of this dataset for 
a complete Holocene reconstruction. A second set of cores containing an additional 3m 
depth of sediments has been obtained and is currently housed at the LacCore Research 
Facility for future study.  
 Additionally, this study successfully utilized a novel method of correlation for 
dating, using heavy metals data obtained from ICP-MS studies for correlation with 
previous studies at Frisco Lake in order to constrain the age. Changes in disturbance taxa 
(Asteraceae, Chlamydospores) at Frisco Lake correlated with historical changes in land 
usage, while scientific findings at Blue Pond indicate that it may have formed in 1812, in 
agreement with local folklore, although it may also have formed c. 1880. A small change 
in relative abundances of sand at Cypress Pond was found to correlate with a shift in 






Charman DJ, Brown AD, Hendon D, Karofeld E, 2004. Testing the relationship between 
Holocene peatland reconstructions and instrumental data at two European sites. 
Quaternary Science Reviews, v. 23, p. 137-143. 
St. Jacques JM, Cumming BF, Sauchyn DJ, Smol JP, 2015. The bias and signal 
attenuation present in conventional pollen-based climate reconstructions as 






 Robert D. Haselwander was born in Oak Harbor, WA, graduated from high 
school in Pacific, MO in 2001, and completed a BA in English at University of Missouri-
Rolla in 2005, MA in English at University of Missouri-Kansas City in 2007, BS in 
Geology at the Missouri University of Science and Technology in 2010. He also 
completed his PhD at the Missouri University of Science and Technology, Department of 
Geosciences and Geological and Petroleum Engineering in December 2016. Robert 
taught English in Japan through the JET Programme and served as an adjunct instructor 
of English at East Central Community College and the Missouri University of Science 
and Technology. He is currently working at the United States Geological Survey as a 
Career Pathways Intern in the National Geospatial Technical Operations Center. 
 
 
